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I.  Initial  Proposal 

IBM  proposed  a one  year  best  efforts  experimental  study  of  the  electronic  structure  of 
transition  metal  surfaces  with  and  without  adsorbed  atoms  and  molecules.  The  experimental 
methods  proposed  include  in  situ  ultra-high  vacuum  measurements  using  primarily  ultraviolet 
photoemission  spectroscopy  (PES)  and  surface  reflectance  spectroscopy  (SRS),  as  well  as  low 
energy  electron  diffraction.  Auger  electron  spectroscopy  and  mass  spectroscopy.  By  using 
these  techniques  (which  were  to  be  combined  into  a single  system)  to  study  several  related 
atoms  and  molecules  adsorbed  on  the  surface,  we  proposed  to  investigate  the  use  of  PES  and 
SRS  measurements  to  obtain  fundamental  information  about  the  adsorbate-surface  interaction 
and  the  properties  of  these  adsorbed  species.  In  addition,  direct  correlation  of  PES  and  SRS 
measurements  were  to  be  made  in  an  effort  to  better  understand  and  further  develop  both 
techniques  for  surface  studies. 

In  an  extension  to  this  initial  one  year  proposal  IBM  proposed  a continuation  of  this  and 
additional  related  work  for  a second  year  which  included  (1)  surface  reflectance  spectroscopy 
(SRS)  and  electron  energy  loss  spectroscopy  (ELS)  to  deduce  characteristic  excitation  energies 
and  possible  empty  electronic  states  associated  with  the  adsorbate  and  substrate  surface 
electronic  structure,  (2)  applying  static  and  modulated  molecular  beam  in  conjunction  with 
UPS  and  SRS  and  with  mass  spectroscopy  to  determine  both  static  and  transient  reaction 
products  on  the  surface  and  in  the  gas  phase  and  (3)  theoretical  calculations  for  isolated 
molecules  not  directly  observed  in  the  gas  phase  and/or  whose  geometry  may  be  significantly 
altered  by  adsorption. 

II.  Accomplishments  under  the  Project 

A significant  portion  of  the  completed  work  has  been  published  or  is  available  in  preprint 
form,  and  several  studies  remain  to  be  written  and  published.  In  the  following  we  briefly 


summarize  the  accomplishments  of  this  research.  Where  possible  we  refer  to  the  published 
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work;  other  items  are  summarized  with  additional  information  provided  in  an  Appendix. 

These  accomplishments  are; 

(1)  The  determination  of  the  state  of  hybridization  of  acetylene,  ethylene,  propylene 
and  benzene  chemisorbed  on  Ni(lll)  from  comparisons  of  UPS  results  to 
Hartree-Fock  calculations.  This  is  an  important  question  which  has  proven  elusive 
in  many  previous  investigations  (Ref.  1). 

(2)  The  observation  of  a different  mode  of  bonding  of  CO  to  Cu,  Ag  and  Au  surfaces 
than  on  Ni,  Pd  or  Pt  as  well  as  two  phases  of  CO  on  a Cu(100)  single  crystal 
surface.  Such  results  reflect  differences  in  the  role  of  s-  and  d-electrons  in 
bonding  in  noble  metals  from  that  on  transition  metals  (Refs.  2 and  3). 

(3)  UPS  results  show  that  the  ethylene  decomposition  path  (C2H4-»C2H2+H2)  on  a 
clean  Ni(lll)  surface  is  altered  on  a stepped  Ni( 111)  surface.  On  the  stepped 
surface  carbon  is  formed,  preventing  dehydrogenation  to  acetylene,  so  that 
ethylene  is  directly  desorbed  from  the  surface.  (Ref.  2). 

(4)  Identification  of  a new  bonding  mode  of  acetylene  on  Pd  and  Pt  by  UPS  and 
temperature  programmed  mass  spectroscopy.  Below  T ~ 180K  acetylene  bonds 
but  above  these  temperatures  rehybridizes  to  form  an  olefinic  "di-o"  like 
species  - postulated  to  be  of  importance  in  catalytic  reactions.  (Ref.  4) 

(5)  Isolation  and  direct  observation  of  a surface  intermediate  during  methanol 
decomposition  to  H2  + CO  on  Ni(l  U)  by  combined  use  of  UPS  and  temperature 
programmed  mass  spectroscopy.  This  molecular  intermediate  contains  C.  O,  and 
H and  is  probably  a radical  stabilized  by  its  presence  on  the  surface.  (Ref.  5) 


(6) 


A survey  of  UPS  results  for  a wide  variety  of  organic  molecules  chemisorbed  on 
transition  metal,  noble  metal,  and  semiconductor  surfaces  demonstrates  that 


uniform  extramolecular  relaxation/polarization  shifts  are  a general  phenomenon. 
This  result  significantly  enhances  the  value  of  UPS  as  a tool  for  studies  of  chemi- 
sorbed molecular  species.  Deviations  from  the  general  pattern  can  be  understood 
on  the  basis  of  simple  molecular  orbital  calculations  and  have  led  to  a resolution 
of  controversy  over  the  ordering  of  orbitals  in  H2CO.  (Ref.  6) 

UPS  results  show  that  the  chemisorption  of  some  aldehydes  ( H2CO, 
H(CH3)CO  ),  ketones  ( (CH3)2CO  ),  alcohols  (CH3OH),  and  ethers 
(CH3OCH3)  on  polycrystalline  Pd  affects  primarily  the  oxygen  lone-pair  orbitals. 
These  species  undergo  thermally-activated  decomposition  to  yield  chemisorbed 
CO.  The  particular  orbital  symmetries  of  some  of  these  classes  of  oxygen- 
containing  organics  (aldehydes  and  ketones)  permits  an  analysis  of  the  reaction 
energetics  using  a Mulliken/Grimley  approach.  (Appendix,  item  1 ) 

UPS  determination  of  the  differences  in  the  bonding  interactions  of  chemisorbed 
hydrogen  with  Ni(lll)  from  that  with  Pd(lll)  and  Pt(lll)  surfaces.  Here  we 
find  that  chemisorbed  hydrogen  interacts  more  strongly  with  the  s-electrons  of  Ni 
than  with  those  of  Pd  and  Pt  whereas  strong  d-electron  interactions  occur  only  for 
chemisorbed  hydrogen  on  Pd  and  Pt.  These  results  provide  insight  into  the 
relative  nature  of  hydrogen  chemisorption  bonding  on  these  metals  as  well  as  a 
physical  basis  for  understanding  differences  in,  for  example,  hydrogenation 
reactions  on  these  surfaces.  (Appendix,  item  2) 

Determination  of  the  molecular  geometry  of  acetylene  and  ethylene  chemisorbed 
on  Cu.  Ni,  Pd  and  Pt  surfaces  at  T ~ 80K  from  their  ionization  levels  and 
Hartree-Fock  calculations.  Trends  in  the  geometric  structures  are  found  to  be 
directly  related  to  differences  in  the  electronic  structure  of  the  substrate  and 
adsorbate.  (Appendix,  item  3) 
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(10)  Surface  reflectance  spectroscopy  (SRS)  studies  in  combination  with  UPS  have 
been  carried  out  in  the  range  1.5-40  eV  for  chemisorbed  CO  on  Ni(lll),  chemi- 
sorbed C6H6  on  Ni(lll)  and  on  polycrystalline  Pd  and  Pt,  condensed  CfcHfc  on 
Ni(lll),  hydrogen  and  oxygen  chemisorbed  on  Ni(lll),  and  a thermally-grown 
oxide  on  Ni(lll).  These  results  have  been  complemented  by  total  yield  and 
constant-initial-state  photoelectron  spectroscopy  studies  as  well.  A preliminary 
analysis  indicates  the  presence  of  optical  structures  related  to  valence  and  pho- 
toionizing  excitations  of  the  corresponding  molecules  in  the  vapor  and/or  solid 
phase.  (Appendix,  item  4) 

(11)  Direct  UPS  observation  and  identification  of  a CH  radical  on  chemically  modified 
Ni(lll)  surfaces  or  on  the  atomically  "rough"  Ni(110)  surface  via  the  use  of 
Hartree-Fock  calculations  of  radicals  and  surface  complexes.  Here  the  clean 
Ni(lll)  surface  does  not  break  the  C-C  bond  of  acetylene  to  form  CH  species  as 
does  the  Ni(110)  surface;  however,  chemical  modification  of  the  Ni(lll)  surface 
by  (2x2)  overlayers  of  ir-bonded  acetylene  or  oxygen  does  allow  C-C  bond 
scission.  The  radical  also  forms  directly  from  acetylene  on  a NiO  surface. 
(Appendix,  item  5) 

(12)  UPS  study  of  the  atomically  stepped  Pt(755)  and  Pt( 111)  surface  indicates  small 
differences  in  the  electronic  structure  of  the  stepped  surface  in  contrast  to  the 
large  changes  in  electronic  structure  previously  found  to  occur  after  reconstruction 
of  the  Pt(100)  surface.  These  small  differences  are  consistant  with  small  modifi- 
cations in  the  local  density  of  states  of  the  atoms  at  steps.  In  particular,  addition- 
al state  density  occurs  on  the  stepped  surface  at  the  bottom  of  the  d-bands  - a 
region  where  adsorbate  orbitals  are  located  - which  may  enhance  interactions 
with  these  molecules  and  facilitate  chemical  reactions.  (Appendix,  item  6) 


! 


Page  6 

(13)  UPS  and  thermal  desorption  study  of  cyclic  hydrocarbons,  (CftH<„  C6H8>  CftH|0 

and  C„H,2)  on  Ni(lll),  Pd(lll),  Pd(polycryst-),  Pt(lll)  and  Pt(755),  indicate 
systematic  differences  in  the  bonding  and  reaction  of  these  molecules  to  these 
surfaces.  At  room  temperature  all  unsaturated  cyclics  decompose  to  benzene  on 
Ni(lll),  Pd(lll)  and  Pt(755)  while  on  Pt(lll)  CfcH|0  is  stable.  For  room 
temperature  exposure  of  C6HI2  to  Pt(lll),  Pt(755),  Pd(lll)  and  polycrystalline 
Pd  benzene  forms.  Also  large  exposures  of  Pt(  111)  to  benzene  indicate  a new 
phase  of  benzene  which  is  different  from  that  obtained  at  low  exposures  (to  be 
published). 
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preprint,  "Chemisorption  and  Decomposition  Reactions  Of  oxygen-containing 


Organic  Molecules  on  Clean  Pd  Surfaces  Studied  by  UV  Photoemission",  H. 
LUth,  G.  W.  Rubloff  and  W.  D.  Grobman,  to  be  published  in  Surface  Science. 
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Bonding  to  Ni,  Pd  and  Pt  Surfaces",  J.  E.  Demuth. 
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Ni( 111)  and  NiO(lll):  The  Formation  of  CH  Species  on  Chemically  Modi- 
fied Ni(l  1 1)  Surfaces,  J.  E.  Demuth. 


item  6. 


Figure  showing  difference  in  UPS  Spectra  for  Stepped  and  Flat  Surfaces  of  Pt, 
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CHEMISORPTION  AND  DECOMPOSITION  REACTIONS  OF  OXYGEN-CONTAINING 
ORGANIC  MOLECULES  ON  CLEAN  PD  SURFACES  STUDIED  BY  UV 

PHOTOEMISSION* 

•f* 

H.  Liith,  G.  W.  Rubloff  and  W.  D.  Grobman 

IBM  Thomas  J.  Watson  Research  Center 
Yorktown  Heights,  New  York  10598 

ABSTRACT:  We  have  used  uv  photoemission  (primarily  at  a photon  energy 

hv  = 40.8  eV)  to  study  chemisorption  and  decomposition  reactions  of  small 
oxygen-containing  organic  molecules  on  clean  polycrystalline  Pd  surfaces 
at  120  and  300  K.  These  molecules  include  methanol  (CH^OH) , dimethyl  ether 
(CH^OCH^)  formaldehyde  (H^CO)  , acetaldehyde  [H(CH^)CO],  and  acetone 
^CH3^2C°^‘  Chemisorption  bonding  of  these  molecules  to  the  Pd  surface 
occurs  primarily  through  the  lone-pair  orbitals  associated  with  the  oxygen 
atoms,  as  evidenced  by  chemical  bonding  shifts  of  these  orbitals  toward 
larger  electron  binding  energy  relative  to  the  other  adsorbate  valence 
orbitals.  At  300  K all  the  molecules  studied  decompose  on  the  surface, 
resulting  in  chemisorbed  CO.  Since  chemisorbed  (as  well  as  condensed) 
phases  of  some  of  these  molecules  (CH^OH  and  H(CH^)CO)  are  observed 
at  low  temperature,  the  decomposition  to  CO  is  a thermally-activated 
reaction.  The  observed  orbital  shifts  associated  with  chemisorption 

bonding  are  used  to  make  rough  estimates  of  interaction  strengths  and  chemi- 
sorption bond  energies  (within  the  framework  of  Mulliken's  theory  of 

electron  donor-acceptor  complexes  as  applied  to  chemisorption  by  Grimley). 
The  resulting  heats  of  chemisorption  are  consistent  with  the  observed 
surface  reactions. 

* Supported  in  part  by  ONR  Contract  #N00014-75-C-0346. 

+ Permanent  address:  2 Physikalisches  Institut  der  Rheinish-West- 

fdlischen  Technischen  Hochschule  Aachen,  5100  - Aachen,  F.  R.  Germany. 
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I.  INTRODUCTION 

Ultraviolet  photoemission  spectroscopy  (UPS)  has  recently  become  a 
powerful  tool  for  surface  chemistry  because  it  has  a high  surface-sensitivity 
and  because  it  directly  reveals  both  the  valence  orbitals  of  adsorbed  mole- 
cules and  the  surface  electronic  structure  of  the  substrate,  which  together 
reflect  the  electronic  properties  of  chemical  bonding  and  reactions  at 
surfaces.  In  particular,  UPS  can  be  used:  (i)  to  determine  the  chemical 
identity  of  absorbed  species  (of  which  the  valence  orbitals  represent  a 

kind  of  "fingerprint")'*'  ^ ; (ii)  to  reveal  orbital  bonding  mechanisms 
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responsible  for  chemisorption  ; and  (iii)  in  some  special  cases  to 
estimate  chemisorption  interaction  strengths  in  order  to  understand  the 
energetics  of  surface  reactions*-. 

We  have  used  UPS  (primarily  at  hv  = 40.8  eV)  to  study  chemisorption 

bonding  and  surface  reactions  of  several  small  oxygen-containing  organic 

molecules  on  clean  polycrystalline  Pd  surfaces  at  120  and  300  K.  These 

molecules  include  methanol  (CH^OH) , dimethyl  ether  (CH^OCH^) , formaldehyde 

(H^CO) , acetaldehyde  [H(CH^)C0]  and  acetone  [ (CH^) ^CO]  . These  molecules 

are  prototypes  which  represent  the  simplest  members  of  several  classes  of 

organic  molecules  (alcohols,  ethers,  aldehydes  and  ketones)  which  contain 

oxygen.  Their  behavior  on  Pd  surfaces  has  additional  interest  because  of 

its  possible  relation  to  catalytic  reactions  of  practical  significance.  The 

group  VIII  transition  metals  Ni,  Pd  and  Pt  are  all  catalyt.ically  active. 

Catalytic  cracking  of  alcohols  on  metals  at  high  temperatures  has  long  been 
6 

recognized  , and  considerable  attention  has  been  given  to  these  reactions 
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&3-nce  alcohol-type  intermediates  are  believed  to  be  important  in  Fischer- 

Tropsch  synthesis.  Furthermore,  the  adsorption  behavior  of  H^CO 

H(CH^)CO  is  of  interest  because  aldehydes  are  thought  to  be  intermediates 

8-10 

in  the  decomposition  of  alcohols  . Perhaps  an  understanding  of  simple 
chemisorption  and  decomposition  properties  of  such  simple  organic  molecules 
on  transition  metals  obtained  from  UPS  studies  will  be  of  value  in 
understanding  the  mechanisms  for  the  corresponding  reactions  in  heterogeneous 
catalysis  at  higher  temperatures  and  pressures. 

Our  results  show  that  chemisorption  bonding  of  these  oxygen-containing 
organic  molecules  to  the  Pd  surface  involves  primarily  the  interaction 
between  the  Pd  d-electrons  and  the  lone-pair  orbitals  associated  with  the 
oxygen  atoms . At  300  K all  of  these  molecules  decompose  on  the  surface , 
resulting  in  chemisorbed  CO.  This  decomposition  reaction  appears  to  be 
thermally  activated:  CO  is  not  observed  in  significant  concentration  at 

120  K.  Estimates  of  interaction  strengths  and  heats  of  chemisorption  made 
from  observed  orbital  bonding  shifts  are  consistent  with  the  observed 
decomposition  reactions. 

II.  EXPERIMENTAL  TECHNIQUES 

Clean  polycrystalline  Pd  surfaces  were  prepared  by  evaporation  of 
Pd  films  from  0.25mm  dia.  Pd  filaments  (99.999%  purity)  in  ultra  high 
vacuum  toperating  pressure  <_  10  1-0  torr)  . The  usual  substrate  for  the  Pd 
film  was  the  nonpolar  (1100)  face  of  a ZnO  single  crystal,  which  could  be 
heated  electrically  by  resistive  heating  and  cooled  to  'v  120  K.  For  the 
study  of  acetone  at  300  K,  the  substrate  for  the  Pd  evaporation  was  a 
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polished,  non-oriented  Si  surface.  Before  each  new  evaporation  the  old 

Pd  film  was  cleaned  of  possible  CO  contamination  by  annealing  to 

^ 250°  in  order  to  avoid  any  diffusion  of  CO  already  present  to  the 

surface  of  the  fresh  film.  During  Pd  evaporation  the  substrate  was  at 

-9 

room  temperature  and  the  total  pressure  did  not  exceed  'v  5x10  torr. 

Partial  pressures  of  residual  and  input  gases  were  monitored  with  a 

quadrupole  mass  spectrometer.  Adsorbate  gases  of  CH^OH,  CH^OCH^, 

H(CH^) CO  and  (CH^J^CO  were  obtained  from  the  equilibrium  vapor  pressure 

of  reagent  grade  liquids.  H^CO  gas  was  prepared  and  monitored  with  the 

12 

mass  spectrometer  as  described  by  Yates  et.  al  ; paraformaldehyde 
crystals  were  heated  to  350  K in  a baked  gas  handling  system  to  produce 
H^CO  vapor,  which  was  distilled  out  at  77  K and  then  purified  by  multiple 
freeze- thaw-vaporize  cycles.  H^CO  vapor  released  at  195  K was  then  ad- 
mitted into  the  UHV  system  during  gas  exposure.  In  all  cases,  we 
attempted  to  minimize  exchange  (displacement)  reactions  of  adsorbate  gases 
with  residual  gases  on  the  walls  of  the  UHV  system  during  exposures; 
this  was  done  by  predosing  the  system  with  the  adsorbate  gas  of 

interest  before  producing  a clean  fresh  film  to  be  studied  and  by  using 
the  mass  spectrometer  to  monitor  gases  in  the  system  during  the  exposures. 
Predosing  the  UHV  system  also  served  to  minimize  work  function  changes 
of  the  electron  energy  analyzer  during  measurement. 

The  incident  photon  beam  consisted  of  He  I and  He  II  radiation 
(photon  energies  hv  = 21.2  and  40.8  eV  respectively)  from  a differentially 
pumped  He  resonance  lamp.  The  light  beam  intercepted  the  surface  at 
'v  45°  angle  of  incidence.  Kinetic  energy  distributions  of  the  resulting 
photoelectrons  were  measured  using  a double-pass  cylindrical  mirror 
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analyzer  at  an  energy  resolution  'v  0.35  - 0.4  eV,  in  conjunction  with 

electron  counting  techniques.  The  axis  of  the  analyzer  was  'v  45°  from 

the  normal  to  the  sample  surface  and  'v  45°  from  the  plane  of  incidence 

of  the  light  beam,  so  that  the  photoelectron  intensity  was  averaged  over 

a range  of  angles  from  near-normal  to  near-grazing  emission.  Gas  phase 

photoelectron  spectra  of  the  adsorbate  molecules  were  measured  with  a 

similar  apparatus  in  order  to  make  a direct  comparison  to  the  adsorbate 

spectra  at  the  same  photon  energies  and  with  similar  resolution  and 

geometry.  In  these  gas  phase  measurements,  the  gas  inlet  was  made  by  a 

jet  which  produced  a high  gas  concentration  near  the  image  point  of  the 

analyzer,  and  the  emission  lines  of  Xe  were  used  as  a reference  for  the 

13 

ionization  potential  scale. 


III.  RESULTS 

The  UPS  spectrum  at  hv  = 40.8  eV  for  a clean  evaporated  Pd  film 

at  300  K is  shown  by  the  dashed  line  in  Fig.  la.  This  spectrum  is  in 

complete  agreement  with  that  measured  previously'*'1  on  similar  surfaces  and 

shows  the  Pd  d-band  extending  from  the  Fermi  energy  to  ^ 4.5  eV 

electron  binding  energy  (BE)  (measured  relative  to  a BE  zero  at  Ep) . 

The  sharp  increase  in  emission  for  BE  > 16  eV  (left  side  of  Fig.  la)  is 

the  onset  of  the  spectrum  produced  by  the  21.2  eV  He  I light  from  the 

resonance  lamp.  The  work  function  $ of  the  clean  evaporated  Pd  films 

varied  between  5.5  and  5.7  eV  as  determined  from  the  width  (hv  — cj> ) of  the 

measured  kinetic  energy  distribution;  these  values  are  in  agreement  with 

14 

the  value  5.55  +_  0.1  eV  reported  previously 
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A.  Methanol  and  Dimethyl  Ether 

The  UPS  spectrum  at  h\>  = 40.8  eV  resulting  from  a 2.5  L exposure 
(1  L = 10  ^ torr  sec)  of  the  clean  Pd  surface  at  120  K to  CH^OH 
(methanol)  is  shown  by  the  solid  line  in  Fig.  .la.  In  addition  to  the  work 
function  decrease  of  A<(>  = -0.5  eV,  new  spectral  features  are  observed 
between  3 and  16  eV  BE.  These  adsorbate  emission  structures  are  more 
clearly  seen  in  the  difference  curve  in  Fig.  lb,  which  is  obtained  by  sub- 
traction of  the  clean  surface  spectrum  (attenuated  by  a constant  factor  to 
account  for  the  overall  reduction  in  Pd  emission)  from  the  exposed 
surface  spectrum  in  Fig.  la.  New  adsorbate  emission  peaks  are  observed 
at  'v  4.9,  6.2,  8.8,  11.0  and  15.9  eV  BE,  and  the  top  of  the  Pd  d-band, 
i.e.,  just  below  the  E^,,  is  preferentially  attenuated  compared  to  the 

rest  of  the  band.  Further  exposure  of  this  CH^OH  covered  surface  to  a 

_8 

CH.jOH  ambient  of  5x10  torr  strongly  suppresses  the  Pd  d-emission, 
reduces  4>  slightly  (by  'v*  0.2  eV)  , and  shifts  the  deeper-lying  emission 
bands  uniformly  downwards  (toward  larger  BE)  by  "V  0.3  eV.  Only  the  highest 
lying  orbital,  the  oxygen  lone-pair,  does  not  participate  in  this  uniform 
shift;  instead  it  is  shifted  to  smaller  BE  by  0.3  eV.  This  behavior  is 
seen  in  the  difference  curve  in  Fig.  lc,  which  is  obtained  by  subtracting 
the  2.5  L spectrum  of  Fig.  la  (properly  renormalized  to  account  for  the 
attenuation  of  substrate  emission)  from  the  spectrum  measured  in  the 
ambient. 

The  UPS  spectrum  of  gas  phase  CH30H  at  hv  = 40.8  eV  is  shown 
in  Fig.  Id.  The  spectral  features  of  the  adsorbate  in  Fig.  lc  are 
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essentially  identical  to  those  of  gas  phase  CH^OH,  except  that  the 
BE  of  orbitals  in  this  adsorbed  phase  have  been  shifted  uniformly  to  lower 
values  from  their  corresponding  gas  phase  ionization  potentials  (IP's). 
(Note  that  BE's  for  the  adsorbed  phase,  referenced  to  the  vacuum  level 
(Evac)  for  comparison  to  vapor  phase  IP's,  are  given  by  the  relation 
BE (E  = 0)  = BE (E  =0)  + # + . ) This  similarity  in  the  spectra  in- 

V3C  r 

dicates  that  the  adsorbed  phase  of  CH^OH  in  Fig.  lc  has  little  chemical 
interaction  with  the  surface.  We  therefore  identify  it  as  a condensed 
layer  with  adsorbate  orbitals  shifted  to  smaller  BE  (compared  to  gas 

phase  values)  by  a uniform  extramolecular  relaxation/polarization 

, . ,^1 ,15 ,16  *v»  , . 

shift  AEr  = 1.4  eV. 

The  lower-lying  (larger  BE)  adsorbate  orbitals  in  Fig.  lb  are  very 
similar  to  those  of  CH^OH  in  Figs,  lc  and  Id,  but  they  appear  further 
shifted  upwards  (toward  smaller  BE)  compared  to  the  condensed  phase 
spectrum.  In  contrast,  the  highest- lying,  oxygen  lone-pair  orbital  is 
shifted  in  a different  way,  toward  larger  BE  relative  to  the  condensed 
phase  (and  relative  to  the  other  orbitals  of  the  phase  in  Fig.  lb) . This 
distortion  of  the  spectrum  indicates  a significant  chemical  interaction 
with  the  surface,  and  we  identify  the  lower-coverage  adsorbate  phase  in 
Fig.  lb  as  CH^OH  chemisorbed  via  the  (highest-lying)  oxygen  lone-pair 
orbital,  which  is  primarily  an  0(2p)  atomic  orbital  perpendicular  to  the 
COH  plane  of  the  molecule.  A uniform  relaxation/polarization  shift 

'X/ 

AE  = 1.6  eV  (from  gas  phase  I. P.'s)  is  observed  for  all  the  other 

valence  orbitals.  The  total  shift  of  the  oxygen  lone-pair,  which  involves 
bonding  effects  in  addition,  can  be  considered  (at  least  for  simplicity) 
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to  contain  a downward  shift  AE  = 0.6  eV  (toward  larger  BE)  associated 

B 

with  the  chemisorption  bonding  in  addition  to  the  upward  A E seen  for 

R 

the  other  orbitals. 

Exposing  the  clean  Pd  surface  at  300  K to  60  h CH^OH  produces 
a UPS  spectrum  with  two  characteristic  new  features  (compared  with 
clean  Pd)  at  7.9  and  10.9  eV  BE  and  a marked  distortion  of  the  shape 
of  the  Pd  d-band  emission.  The  corresponding  difference  curve  (exposed 
minus  clean)  is  shown  by  the  solid  line  in  Fig.  le . An  essentially  iden- 
• tical  spectrum  is  obtained  by  exposing  the  clean  Pd  surface  at  300  K 
to  80  L CH^OCH^  (Fig.  le , dot-dash  curve).  The  dashed  difference 
spectrum  in  Fig.  le  is  obtained  by  exposure  of  the^clean  Pd  surface  at 
300  K to  10  L CO.  Since  all  three  curves  in  Fig.  le  are  the  same,  it  is 
clear  that  at  room  temperature  both  CH^OH  and  CH^OCH^  are  decomposed 
on  the  Pd  surface,  resulting  in  chemisorbed  CO.  The  UPS  spectra 
indicate  no  other  reaction  products  on  the  surface,  although  the  presence 
of  adsorbed  H cannot  be  ruled  out  since  hydrogen  adsorption  gave  no 
significant  changes  in  the  UPS  spectra  other  than  d-band  distortions 
typical  of  most  adsorbates.  The  two  new  emission  peaks  and  the  work 
function  increase  are  very  characteristic  of  CO  chemisorbed  on  transition 
metals 

B.  Acetaldehyde  and  Formaldehyde 

Figures  2a,  2c,  and  2e  show  results  for  the  adsorption  of  the  simple 
aldehydehydes  H^CO  and  H(CH_)C0  on  clean  polycrystalline  Pd  surfaces 
measured  at  hv  = 40.8  eV.  Room  temperature  exposures  of  H-,C0  and  H(CH.)C0 
(Fig.  2e)  result  in  the  same  photoemission  spectrum  (that  of  adsorbed  CO) 
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as  was  obtained  with.  CK^OH  and  CH^OCR^  at  300  K.  Thus  H2CO  and 
H (CH^) CO  are  spontaneously  decomposed  on  clean  Pd  at  300  K to  form 
chemisorbed  CO. 

The  difference  curve  corresponding  to  a 58  L exposure  of  H(CH.j)CO 
to  the  clean  Pd  surface  at  120  K is  shown  in  Fig.  2a.  The  work  function 
change  is  negative  (A<()  = -0.8  eV)  . This  adsorbed  species  can  be  identi- 
fied as  undecomposed  fKCH^JCO  by  comparison  with  the  corresponding  gas 
phase  spectrum  at  hv  = 40.8  eV  shown  in  Fig.  2b:  by  shifting  the 

'V 

orbitals  of  the  gas  phase  spectrum  upward  by  AE  = 1.6  eV  to  account 

for  extramole cular  relaxation/polarization  effects,  a spectrum  very 

similar  to  that  for  the  adsorbed  phase  is  obtained.  However,  an  additional 

shift  AE  = 0.4  eV  downward  (to  larger  BE]  of  the  highest- lying  gas  phase 
B 

orbital  (the  oxygen  lone-pair)  is  required  to  match  the  adsorbed  spectrum 

* 

(Fig.  2a) . This  shift  AE  is  attributed  to  chemical  (chemisorption) 
bonding  of  the  H(CH3)CO  molecule  to  the  surface  via  its  oxygen  lone-pair 
orbital,  which  is  essentially  an  0(2p)  atomic  orbital  perpendicular  to 
the  C = 0 axis  and  in  the  H-(C=0)-C  plane  of  the  molecule. 

Measurement  in  a H(CH2)CO  ambient  (p  ^ 10  torr)  at  120  K produces 
the  same  result  as  for  a 68  L exposure.  Considerably  smaller  exposures 
(5  - 20  L)  show  very  weak  CO  structures  which  correspond  to  very  small 
CO  coverages  produced  at  120  K (estimated  to  be  < 1/10  the  saturation 

coverage  of  chemisorbed  H(CH2)CO).  Since  most  of  the  adsorbed  H(CH2>C0 
remains  undecomposed  at  low  temperature,  the  decomposition  of  H(CH2)CO  to 
CO  which  occurs  efficiently  at  higher  temperature  represents  a thermally- 
activated  process. 
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C.  Acetone 

The  adsorption  behavior  of  (CH^) 2C0  (acetone),  a ketone,  is  similar 
to  that  of  the  aldehydes.  At  300  K,  (CH^) 2C0  decomposes  to  leave 
chemisorbed  CO  on  the  surface  (Fig.  2e) . However,  this  decomposition 
is  accompanied  by  a work  function  decrease  (A 4>  = -0.3  eV) , in  contrast 
to  the  usual  work  function  increase  ( A4>  = +0.3  to  +0.7  eV)  observed 

for  chemisorbed  CO,  whether  produced  by  CO  exposure  or  by 
decomposition  from  CH^OH,  CH^OCH^,  H2C0,  or  H(CH3)C0. 

The  negative  sign  of  A$  for  the  case  of  acetone  exposure  suggests 
that  in  this  case  there  may  be  an  additional  species  adsorbed  along  with 
CO.  However,  the  UPS  spectra  show  no  emission  features  other  than  those 
of  chemisorbed  CO,  and  the  origin  of  the  negative  A <J>  is  not  understood 
at  present. 

Cooling  the  sample  to  120  K in  a 1x10  ^ torr  (CH^) ^CO  ambient  causes 
a work  function  decrease  of  A<t>  = —1 . 2 eV  relative  to  the  clean  surface. 
Comparing  Fig.  2c  to  the  gas  phase  spectrum  in  Fig.  2d,  we  see  that  this 
additional  adsorbed  species  is  undecomposed  (CH3)2CO.  The  gas  phase 
orbitals  are  shifted  uniformly  upward  (to  smaller  BE)  by  the  relaxation/ 

f\, 

polarization  shift  AE  = 1.8  eV,  while  the  oxygen  lone-pair  orbital  under 

R 

goes  an  additional  chemical  bonding  shift  downward  by  AEg  =0.5  eV.  The 
additional  adsorbate  present  at  120  K therefore  seems  to  be  chemisorbed 
via  the  oxygen  lone-pair  orbital  rather  than  simply  condensed. 
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IV.  DISCUSSION 

The  UPS  spectra  presented  here  for  undissociated  phases  of  adsorbed 
CH^OH , H(CH^)CO,  and  (CH^) ^CO  are  consistent  with  the  original  observa- 
tion by  Demuth  and  Eastman'*'  that  adsorption  of  an  organic  molecule  in  a 
particular  surface  phase  shifts  those  molecular  orbitals  of  the  molecule 
not  directly  involved  in  forming  the  chemisorption  bond  toward  smaller 
BE,  by  the  same  amount  (to  within  0.1  - 0.2  eV)17.  This  uniformity  of 
the  extramolecular  relaxation/polarization  shifts  of  nonbonding  orbitals 
has  since  been  documented  in  a wide  range  of  organic  adsorbate/substrate 
systems  and  constitutes  a general  rule  of  significant  value  for  UPS 
studies  of  surface  chemistry16.  Such  behavior  makes  it  possible  in  many 
cases  to  determine  orbital  bonding  mechanisms  from  the  considerably 
different  BE  shifts  of  those  orbitals  which  form  the  chemisorption 
bond. 

The  chemisorbed  phases  of  CH^OH,  CO , and  (CH^)  2C0  observed 

here  (Figs,  lb,  2a,  and  2c)  suggest  strongly  that  (as  far  as  filled 
molecular  orbitals  are  concerned)  such  molecules  (alcohols,  aldehydes, 
and  ketones)  are  chemisorbed  on  this  polycrystalline  transition  metal 
surface  primarily  via  the  oxygen  lone-pair  orbital.  This  orbital  is  the 
highest-lying  one  (smallest  BE)  in  each  case.  The  it  orbital  associated 
with  the  C = 0 group  in  the  aldehydes  and  ketones  seems  to  play  a 
considerably  less  important  (if  any)  role  in  chemisorption  on  Pd.  This 
may  represent  a general  tendency  for  oxygen  lone-pair  orbitals,  when 


present,  to  be  more  chemically  active  than  ir  and  a orbitals  in  bonding  to 
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transition  metal  surfaces.  In  unsaturated  hydrocarbons,  which  contain 
no  oxygen,  the  ir  orbitals  account  for  chemisorption  bonding  to  transi- 
tion metals1. 

It  is  interesting  to  note  that,  although  .oxygen  lone-pair  orbitals  are 

. 

present  in  all  the  adsorbates  studied  here  and  are  active  in  chemisorption 
bonding,  their  geometrical  relation  to  the  framework  of  the  molecule  differs. 
In  CH^OR  and  CH^OCH^,  the  highest-lying  lone-pair  orbital  is  perpendicular 
to  the  central  molecular  plane  (COR  or  COC) , while  in  H2CO,  H(CH3)CO, 
and  (CR^) ^CO  the  lone-pair  orbital  is  in  the  central  molecular  plane 
and  perpendicular  to  the  C = 0 double  bond.  One  would  expect  the  methyl 
groups  in  these  molecules  to  cause  steric  hindrance  of  a bonding  geometry 
in  which  the  central  plane  of  the  molecule  lies  flat  on  the  surface. 

Such  a configuration  in  general  would  leave  the  oxygen  lone-pair  with 
different  orientations  to  the  surface  - perpendicular  to  the  surface 
for  chemisorbed  CR^OH,  but  parallel  to  it  for  chemisorbed  H(CH3)CO  and 
^CH3^2C0‘  Perhaps  the  most  reasonable  guess  is  that  all  these  molecules 
are  bonded  end-on  to  the  surface  via  the  oxygen  atom  through  its  lone-pair 
orbital,  so  that  the  lone-pair  would  then  lie  parallel  to  the  surface  in 
all  cases . 

In  the  cases  of  chemisorption  observed  here,  the  Pd  d-band  shape  is 
distorted  by  the  adsorbate  and  shows  preferential  attenuation  of  the  top 
of  the  d-band.  This  effect,  noted  previously  for  chemisorption  of  un- 
saturated hydrocarbons  on  Ni  (111)1,  is  indicative  of  strong  participation 
of  the  Pd  d-bands  in  bonding1.  Thus  the  primary  chemisorption  bond 
formed  via  the  oxygen  lone-pair  orbitals  for  the  simple  organic  molecules 
studied  here  appears  to  involve  a strong  interaction  with  the  Pd  d-bands. 
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The  decomposition  to  chemisorbed  CO  observed  for  CH3OH,  CH-OCH, , 
HCCH^JcO,  and  (CH^J^CO  may  represent  a general  tendency  toward 
catalytic  decomposition  to  CO  for  alchohols,  ethers,  aldehydes  and 
ketones  on  Pd  and  perhaps  on  other  transition"  metals. 

V.  ESTIMATES  OF  INTERACTION  STRENGTHS,  CHEMISORPTION  BOND  ENERGIES,  AND 
HEATS  OF  REACTION 

We  now  use  the  observed  bonding  shifts  AE^  for  the  oxyaen  lone-pair 
orbitals  of  the  undecomposed  species  to  make  rough  estimates  of  interaction 
strengths  and  bond  energies  for  chemisorption  in  relation  to  the  observed 
reactions.  We  treat  only  the  cases  of  chemisorbed  H(CH3>CO  and  (CH3)2CO, 
omitting  that  of  CH3OH  for  reasons  explained  later.  We  follow  the  general 

approach  of  Demuth  and  Eastman"*"  in  using  Mulliken's  theory  of  electron  donor- 

18  19 

acceptor  complexes  as  applied  to  weak  chemisorption  by  Grimley  . Caution 

must  be  used  in  interpreting  chemisorption  bond  energies  and  heats  of 
reaction  using  this  model,  since  such  an  analysis  involves  a number  of  ad  hoc 
assumptions  whose  accuracy  is  difficult  to  estimate. 

Since  the  essential  nature  of  the  molecular  orbital  spectrum  is  pre- 
served upon  chemisorption,  and  since  orbital  bonding  shifts  are  small  compared 
to  bond  energies  within  the  molecule,  within  this  model  an  approximate  wave 
function  of  the  system  is  obtained  in  perturbation  theory  by  mixing  charge- 
transfer  states  into  the  "no  bond"  (neutral,  isolated  molecule)  state. 

These  charge-transfer  states  involve  electron  transfer  (i)  from  the  highest 
filled  molecular  orbital  (the  chemically  active  oxygen  lone-pair)  to  the 
empty  Pd  d-band,  and  (ii)  from  the  filled  Pd  d-band  into  the  lowest-lying 
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empty  molecular  orbital  (affinity  level)  of  the  adsorbate  (the  it*  orbital 
for  H (CH^) CO , and  (CH^J^CO).  When  applied  to  this  case,  Grimley's  result 

Q 1 

for  the  chemisorption  energy  AE  (heat  of  adsorption)  becomes 


-aec  = V2 

TT*d 


Mdi 


+ V 


- N (1-N) 
2 n d 

nd  |e  -E  I 
1 n F1 


(1) 


where  N and  N . are  the  number  of  states  in  the  lone-pair  (n)  and 
n it* 

tt*  orbitals  (i.e.,  2),  and  N,  is  the  fractional  occupation  of  the  Pd 

a 

d-band  (0.97).  lEn_Epl  represents  the  energy  separation  between  the  filJ ed 

lone-pair  orbital  and  the  empty  d-states,  which  lie  in  a narrow  band  just 

above  the  Fermi  energy  E^,  while  | E^— E^* | is  the  separation  between  the 

center  of  the  filled  d-bands  (,v  6eV  below  the  vacuum  level)  and  the  empty 

it*  electron  affinity  level  (taken  to  be  at  the  vacuum  level) . The  inter- 
2 2 

action  strengths  V , and  V . , are  related  to  adsorbate  orbital  bonding 
nd  TT*d 

shifts  AE  by1 

D 


(2a) 


V2  = 
TT*d 


(2b) 


The  observed  energy  shift  of  the  oxygen  lone-pair  orbital  involves 

both  extramolecular  relaxation/polarization  shifts  AEr,  present  for  all 

adsorbate  orbitals,  and  also  a chemical  bonding  shift  AE^  associated 

directly  with  chemisorption.  For  simplicity  and  because  of  the  uniformity 

of  AE  observed  for  the  other  orbitals  (and  for  the  lone-pair  in  the 
R 
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condensed  phase),  we  assume  Ae”  for  the  oxygen  lone-pair  in  the  chemisorbed 

phase  is  the  same  as  AE^  for  the  other  orbitals.  This  allows  us  to  make 

an  estimate  of  the  bonding  contribution  AEn  to  the  total  shift.  Values 

B 

for  Ae  , Ae”,  A<p , E , and  V (obtained  from  AE^  by  Eq.  (2a))  are 
Kb  n na  B 

listed  in  Table  I. 

Although  AE^  can  be  estimated  in  this  way  from  spectroscopic 
photoemission  data,  the  behavior  of  the  empty  states  (such  as  the  tt* 
orbital)  is  not  observed  in  these  experiments.  Therefore,  an  estimate  of 

7T* 

AE  , the  chemisorption-induced  shift  of  the  empty  tt*  orbital,  must  be 
made  on  theoretical  grounds  in  order  to  calculate  the  heat  of  chemisorption 
Ae  . In  the  case  of  unsaturated  hydrocarbons  on  Ni  (111)*,  V . . = V , 

C TT*a  TTd 

could  be  assumed  because  of  the  direct  symmetry  between  the  tt  and  tt* 
orbitals,  which  should  therefore  have  very  similar  overlap  and  interaction 
with  the  substrate. 

If  we  assume  an  end-on  bonding  geometry  for  chemisorbed  HfCH^JCO  and 
(CH3 > 2CO  as  suggested  earlier,  the  interaction  strengths  and  V^d 

can  be  related  in  a simple  way.  If  we  take  the  central  plane  of  the  molecule 
as  the  XZ  plane  with  the  C=0  bond  along  Z,  then  the  oxygen  lone-pair  (n) 
orbital  is  primarily  an  atomic  0(2px).  The  tt*  is  composed  of  roughly  equal 
contributions  from  atomic  0(2p  ) and  C(2p  ) orbitals.  The  end-on  geometry 

y y 

thus  gives  the  normal  to  the  surface  in  the  Z-direction.  Since  the  C(2p^) 
part  of  the  tt*  orbital  is  relatively  far  from  the  surface  (in  the  end-on 
configuration)  compared  to  the  0(2p^)  part,  its  effect  in  bonding  to  the 
surface  will  be  relatively  small.  The  dominant  part  of  the  tt*  orbital 
in  the  chemisorption  bond  (the  0(2p^))  then  bears  the  same  symmetry  with 
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respect  to  the  surface  as  does  the  n orbital,  but  only  about  half  as 


much 


charge  density  of  the  it*  orbital  (the  0(2py)  half)  is  involved  in  the 
bonding.  We  therefore  estimate 

2 


V“  = 0.5  V . 
ir*d  nd 


(3) 


for  the  cases  of  H(CH^)CO  and  (CH^l^CO.  Since  the  lowest-lying  empty 
orbital  of  CH^OH  bears  no  correspondingly  simple  geometric  relation  to 
the  oxygen  lone-pair,  we  cannot  estimate  the  relative  interaction  strengths 
in  order  to  approximate  a heat  of  chemisorption  for  CH^OH. 

Using  the  above  approach,  we  estimate  chemisorption  bond  energies 
-AEC  of  0.32  and  0.55  eV  for  the  120  K phases  of  H(CH^)CO  and  (CH^l^CO.22 
In  comparison,  the  heat  of  chemisorption  for  CO  (the  decomposition  product) 

on  Pd  is  ^ 1.21  eV/molecule2*2 , while  that  for  Hn  on  Pd  is  ^0.9  eV/ 

, , 21 
molecule 

The  considerably  smaller  heats  of  chemisorption  for  H(CH^)C0  and 
(CH3>2CO  compared  to  those  for  CO  and  suggest  that  the  decomposition 
reaction  is  likely.  However,  to  understand  correctly  why  decomposition  to 
CO  in  fact  occurs  on  Pd  at  300  K for  H(CH3)C0  and  for  (CH^J^CO,  one 
must  consider  the  total  energy  of  the  reaction,  including  the  chemisorption 
energies  of  all  adsorbed  species.  To  favor  decomposition,  the  total  energy 
change  AHS  on  the  surface  must  be  negative  (energy  gained  by  decomposition) 


AHS  = AH9  + [AEC  (decomp)  - AEC  (undecomp) 1 < 0 (4) 

AHg  is  the  total  energy  required  to  decompose  the  molecule  in  the  gas 

c 

phase.  The  quantity  AE  (undecomp)  is  the  chemisorption  energy  of  the 
undecomposed  molecule  and  AL1"  (decomp)  is  the  total  chemisorption  energy  of 
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all  adsorbed  decomposition  products.  For  the  present  we  assume  the  simplest 
possible  reaction  products  which  include  adsorbed  CO: 


H(CH3)CO 

(ads)  - 

Pd  > 

CO  (ads) 

+ CH4  (gas)  , 

(5a) 

(CH3)2CO 

(ads)  - 

Pd  > 

CO  (ads) 

+ C2H6  (gas)  , 

(5b) 

We  estimate  heats  of  reaction  AH9  for  decomposition  reactions  in  the 

23 

gas  phase  from  the  energies  required  to  break  and  reform  chemical  bonds 

of  free  molecules.  These  values  are  AH9  = +0.14  and  +0.27  eV/molecule  for 

reactions  5a  and  5b  respectively  (since  AH9  > 0,  the  reactions  are  not 

favored  in  the  gas  phase).  In  the  reaction  paths  5a  and  5b,  -AE  (decomp) 

20 

= 1.21  eV/molecule,  simply  the  heat  of  chemisorption  of  CO  on  Pd  . Then 
from  Eq.  (4)  the  total  heat  of  reaction  on  the  surface  AHS  = -0.75  and  -0.59 
eV/molecule  for  the  decompositions  of  H(CH3)CO  (5a)  and  (CH^J^CO  (5b) 

3 

respectively.  Since  AH  <0,  this  predicts  that  the  decomposition  reactions 
are  energetically  favored  on  the  surface,  as  observed  (they  are  in  fact 
thermally  activated) . 

In  the  reaction  paths  (5a  and  5b)  above,  it  is  assumed  that  the 

c ^ 

saturated  hydrocarbons  CH^  and  C2H6  are  n0t  chemisorbed  (~AE  = • This 

assumption  is  consistent  with  the  observation  that  they  adsorb  on  Ni  (111) 

only  at  low  temperatures  and  form  what  appears  to  be  a simple  physisorbed 

24 

layer  (no  chemical  bonding  shift)  . If  reaction  products  other  than  CH4 

and  C H-  are  considered  in  5a  and  5b  (e.g.,  adsorbed  carbon  and  hydrogen), 
2 6 

then  larger  magnitudes  of  AHS  (<0)  are  obtained,  so  that  decomposition  to 
CO  remains  favorable  for  HfCH^JCO  and  for  (CH^>2C0. 
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It  is  difficult  to  determine  the  accuracy  of  the  above  estimates  of 
interaction  strengths , bond  energies  and  heats  of  reaction  because  several 
significant  assumptions  are  required  for  the  analysis.  The  predictions  of 
this  analysis,  however,  are  very  clear:  the  relatively  large  magnitudes  of 

S Q C 

AH  (cf.  AH  and  A E (undecomp))  result  primarily  from  the  rather  large 
heat  of  chemisorption  of  CO  on  Pd  and  imply  that  decomposition  should  occur. 

This  prediction  agrees  with  the  experimental  results.  This  consistency  does 

. s 

not  provide  a stringent  test  of  the  validity  of  our  analysis  since  AH  is 

Q 

determined  mainly  by  AE  (CO) ; however,  it  is  worth  noting  that  in  the  cases 
analyzed  here  the  Mulliken/Grimley  model  to  relate  measured  orbital  bonding 
shifts  seen  in  UPS  to  chemisorption  interaction  strengths  predicts  results 
consistent  with  the  observed  surface  reactions.  The  above  discussion  of 
this  model  for  H(CH3>CO  and  (CH^CO  demonstrates  further  that  its  use  for 
UPS  studies  is  restricted  to  certain  special  classes  of  molecules  in  which 
the  filled  and  empty  molecular  orbitals  active  in  chemisorption  bear  a simple 
relation  to  each  other,  and  this  example  also  suggests  that  these  classes 
include  some  organic  molecules  (e.g.,  aldehydes  and  ketones)  other  than  the 
unsaturated  hydrocarbons  treated  previously  . 

VI.  CONCLUSIONS 

The  simple  oxygen-containing  organic  molecules  CH^OH,  CH^OCH^, 

H CO,  H (CH  ) CO  and  (CH  ) CO  have  been  observed  to  undergo  a thermally- 
2 3 3 2 

activated  decomposition  reaction  at  300  K on  clean  polycrystalline  Pd 
surfaces,  resulting  in  a layer  of  chemisorbed  CO.  The  chemisorption  of  all 
these  molecules  on  the  Pd  surface  is  dominated  by  bonding  via  the  oxygen 

J 
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lone-pair  orbital.  Rough  estimates  of  interaction  strengths  and  heats  of 
chemisorption  made  from  orbital  bonding  shifts  observed  in  the  photoemission 
spectra  are  consistent  with  the  reactions  which  occur. 
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UPS  spectra  at  hv  = 40.8  eV: 


difference  curve  for  chemisorbed  H(CH3)CO  (68  L)  on  Pd  at 
120  K; 


gas  phase  H(CH3)CO  spectrum; 

difference  curve  for  chemisorbed  (CH  ) CO  on  Pd  at  120  K 

3 3 -7 

produced  by  exposure  to  an  ambient  p = 1x10  torr) ; 


gas  phase  (CH3)2CO  spectrum; 

difference  curves  corresponding  to  exposures  of  the  clean  Pd 
surface  at  300  K to  30  L of  H2CO  (dot-dash  curve)  , 35  L of 
H(CH3)CO  (dotted  curve),  40  L of  (CH^CO  (dashed  curve), 
and  10  L of  CO  (solid  curve) . 
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ABSTRACT 

Ultraviolet  photoemission  results  for  hydrogen  chemisorbed  on  Ni(110),  Ni(lll),  Pd(lll)  and 
Pt(lll)  surfaces  indicate  that  while  s-  and  d-electrons  of  the  substrate  are  both  involved  in 
bonding,  significant  differences  exist  in  the  nature  and  relative  strengths  of  these  bonding 
components.  The  interaction  of  chemisorbed  hydrogen  with  d-electrons  of  Ni  differs  from  and 
is  likely  weaker  than  with  the  d-electrons  of  Pd  or  Pt  while  the  interaction  with  the  metallic 
s-band  is  the  strongest  for  Ni.  The  implications  of  these  results  to  surface  reactions  involving 
chemisorbed  hydrogen  are  mentioned. 
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ULTRAVIOLET  PHOTOEMISSION  STUDIES  OF 
HYDROGEN  CHEMISORPTION  BONDING  TO  Ni,  Pd  AND  Pt  SURFACES* 

The  nature  of  the  chemisorption  bond  of  atomic  hydrogen  to  transition  metals  is  of 
interest  for  many  reasons,  one  for  example  being  that  atomic  hydrogen  is  directly  involved  in 
many  chemical  reactions  at  surfaces.  Although  the  importance  of  d-electrons  in  transition 
metal  chemistry  and  chemisorption  is  well  recognized,"*  the  role  of  s-  and  p-electrons  is  less 
understood  but  has  been  postulated  to  be  of  importance1-’.  Recent  calculations  of  hydrogen 
interacting  with  a single  atom  and  diatom  of  Ni  suggest  that  bonding  occurs  predominantly  via 
s-electrons  and  that  although  d-electrons  play  an  important  role  in  molecular  dissociation  they 
play  only  a minor  role  in  bonding"'4*.  We  note  that  such  conclusions  for  hydrogen  bonded  to 
3d-transition  metal  atoms  have  recently  been  generalized  to  "transition  metal"  surfaces  to 
suggest  that  d-electrons  play  only  an  indirect  role  in  chemisorption  and  catalysis15*.  While  one 
calculation  for  hydrogen  chemisorbed  to  a Ni  surface16’  supports  such  a viewpoint,  other 
calculations  on  Ni  surfaces17*  and  clusters18’  conclude  that  d-electrons  also  play  a major  role  in 
bonding.  Thus,  many  questions  exist  regarding  the  nature  of  hydrogen  bonding  to  Ni  surfaces, 
the  role  of  d-electrons  in  catalysis  and,  more  importantly,  whether  Ni  serves  as  a prototype 
transition  metal  for  understanding  bonding  and  catalysis  on  other  transition  metals  surfaces. 

Here,  we  present  UV  photoemission  spectroscopy  (UPS)  results  for  hydrogen  chemisorbed 
to  Ni(lll),  Pd(lll)  and  Pt(lll)  surfaces  which  show  that  the  details  of  the  bonding  interac- 
tions for  hydrogen  on  Ni  are  different  from  those  on  Pd  or  Pt  surfaces.  These  results  also 
provide  insight  as  to  the  relative  participation  of  s-  versus  d-electrons  in  hydrogen  bonding  to 
Ni,  Pd  and  Pt  surfaces,  as  well  as  to  a possible  cause  for  differences  in.  for  example,  hydrogen- 
ation reactions  on  these  materials. 


Partially  supported  by  ONR  Contract  N00014-75-C-0346. 


Experimental  Procedure:  The  present  studies  were  performed  in  a turbomolecular 


pumped  UHV  system  (base  pressure  < 1 x 10'10  torr)  equipped  with  a He  resonance  lamp  (~ 
1 x 10‘10  total  system  pressure  increase  while  in  operation),  electron  energy  analyzer,  LEED 
optics,  quadrupole  mass  spectrometer  and  auxiliary  electron  gun  for  Auger  and  energy  loss 
spectroscopy.  Single  crystal  samples  of  Ni(lll),  Ni(110),  Pd(lll)  and  Pt(lll)  were  prepared 
by  conventional  techniques  and  mounted  on  a multiple  sample  holder  which  permitted  the 
samples  to  be  liquid  nitrogen  cooled  to  T ~ 78  K or  independently  resistivily  heated  to  T ~ 
160(1  K as  measured  with  a Chromel-Alumel  thermocouple.  The  single  crystals  were  cleaned 
by  mild  oxidation  treatments,  argon  ion  sputter-etching  and  subsequent  annealing.  Surface 
characterization  was  performed  by  LEED,  Auger  and  photoemission  analyses. 

Energy  analysis  of  the  photoemitted  electrons  was  performed  with  a double  pass  cylindri- 
cal mirror  analyzer  (CMA)  operated  in  a fixed  pass  mode  so  as  to  have  a minimum  resolution 
of  ~ .15  eV  for  He  I,  Ne  I or  Ne  II  UPS  work  and  ~ .25  eV  for  He  II  UPS  work.  The 
samples  could  be  rotated  with  their  normal  direction  in  the  plane  defined  by  the  axis  of  the 
CMA  and  the  photon  beam.  The  photon  beam  lies  73°  off  the  axis  of  the  CMA,  and  we 
nominally  chose  the  sample  normal  to  be  20°  from  the  axis  of  the  CMA  into  the  photon  beam. 
Rotation  of  the  sample  between  normal  to  the  light  beam  and  perpendicular  to  the  analyzer 
axis  allows  examination  of  simple  light  polarization  and  angular  emission  effects.  Work 
function  changes  were  measured  using  the  low-energy  cutoffs  of  the  photoemission  energy 
distributions 

Experimental  Results:  In  Figure  1 we  summarize  our  photoemission  spectra  N(E)  for  the 
(111)  surfaces  of  Ni,  Pd  and  Pt  (solid  lines)  and  for  saturation  coverages  of  hydrogen  (dashed 
lines),  all  for  an  incident  photon  energy  of  21.2  eV.  For  hydrogen  on  Ni(lll)  at  T ~ 300  K 
(Fig.  Id),  or  for  slightly  greater  coverages  at  T ~ 80  K,  we  observe  chemisorption-induced 
extra  emission  which  extends  from  the  Fermi  level  EF  to  ~ 8 eV  below.  As  seen  more  clearly 
in  the  difference  spectra  AN(E)  in  Fig.  2a  - obtained  by  subtracting  N(E)  of  the  clean  surface 


3 


from  N(E)  after  chemisorption  - this  extra  emission  consists  of  a broad  ~ 3 eV  wide  level 
peaked  near  5.8  eV  with  enhanced  emission  extending  throughout  the  d-bands.  Hydrogen 
chemisorption  on  Ni(110)  at  T ~ 80  K.  also  produces  the  same  3 eV  wide  level  peaked  at  5.8 
eV  as  well  as  the  d-band  enhancement  observed  on  Ni(l  1 1)(9>. 

The  chemisorption-induced  changes  for  hydrogen  on  Pd  or  Pt  shown  in  Fig.  lb  and  c are 
qualitatively  different  from  those  observed  for  hydrogen  on  Ni.  In  contrast  to  hydrogen  on 
Ni(lll)  or  Ni(110),  we  find  that  hydrogen  on  Pd(lll)  or  Pt( 111)  strongly  redistributes 
emission  in  the  d-band  region  and,  in  particular,  preferentially  attenuates  d-band  emission 
within  ~ 1 eV  of  Ep.  New  levels  ~ 1.5  eV  wide  are  observed  to  form  at  6.4  and  7.3  eV 
respectively.  Wanning  to  T £ 400  K desorbs  molecular  hydrogen  and  restores  the  N(E) 
spectra  identically  to  that  of  the  initial  clean  surface  for  each  substrate. 

Our  photoemission  results  for  he  = 16.8  and  26.9  eV  show  similar  hydrogen-induced 
levels  at  5.8,  6.4  and  7.3  eV  for  Ni,  Pd  and  Pt(lll)  surfaces  respectively,  along  with  nearly 
uniform  d-band  enhancement  for  hydrogen  on  Ni  and  strong  redistribution  of  d-band  emission 
for  hydrogen  on  Pd  and  Pt.  In  Fig.  2b-d  we  show  the  AN(E)  spectra  for  saturation  coverages 
of  hydrogen  on  Ni,  Pd  and  Pt,  all  for  T ~ 80  K and  hv  = 40.8  eV.  These  results  for  hydrogen 
on  Pd  and  Pt  are  similar  to  those  observed  for  h?  = 16.8,  21.2  (Fig.  1)  and  26.9  eV  while 
those  for  hydrogen  on  Ni  show  some  features  different  than  observed  at  lower  photon 
energies.  Namely,  we  observe  additional,  or  spectrally  modified,  emission  within  the  d-bands 
at  0.4  and  1.9  eV  instead  of  the  nearly  uniform  enhancement  shown  in  Fig.  la.  Also  the  level 
at  5.8  eV  is  so  weak  and  broad  it  is  almost  indecernable.  This  reduction  in  the  adsorbate- 
induced  level  relative  to  the  d-band  emission  for  h»>  =*  40.8  eV,  which  is  to  a lesser  degree  also 
observed  for  hydrogen  on  Pd  and  Pt,  is  the  result  of  differences  in  the  photoionization  cross 
sections  of  d-  versus  s-like  wavefunctions* ,0>  - the  latter  likely  derived  from  the  H(ls)  state 
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Finally,  we  note  two  points  which  we  do  not  discuss  here  but  which  are  relevant  to  the 
nature  of  the  d-band  enhancement  observed  for  H on  Ni.  First,  we  find  no  dependence  of  the 

Ni(lll)  d-band  enhancement  at  hi>  = 21.2  eV  upon  the  orientation  of  the  electric  vector  of 

the  incident  radiation,  ie.  pure  s-  or  mixed  s,  p-polarization  produce  the  same  enhancement. 
Second,  we  find  that  the  ratio  of  the  maximum  amplitude  of  the  d-band  enhancement  found 
for  hydrogen  on  Ni(  111)  (and  similarly  the  d-band  attenuation  within  l eV  of  Ep  for  hydrogen 
on  Pd  or  Pt)  is  nearly  a fixed  fraction  of  the  d-band  intensity  for  each  photon  energy.  Thus, 
the  chemisorption-induced  changes  in  the  Ni  d-band.  although  different  from  those  observed 
on  Pd  or  Pt.  do  reflect  changes  in  substrate  d-state  density. 

The  Nature  of  Bonding:  It  has  been  established  that  hydrogen  is  dissociatively  absorbed 
on  the  (111)  surfaces  of  Ni.  Pd  and  Pt  and  that  both  the  isosteric  heats  of  adsorption  as  well 

as  the  ratio  of  chemisorbed  hydrogen  atoms  to  substrate  atoms  are  nearly  the  same  on  each 

surface*1 1).  In  view  of  such  similarities,  we  find  striking  differences  in  the  manner  that 
hydrogen  chemisorption  effects  the  d-bands  of  Ni  from  that  of  Pd  or  Pt.  The  lack  of  preferen- 
tial d-band  attenuation  within  ~ 1 eV  of  Ep  for  hydrogen  on  Ni  is  an  exception  to  the 
generally  observed  attenuation  and  rearrangement  of  states  within  the  d-band  upon  chemisorp- 
tion. These  latter  d-band  changes,  which  are  found  for  hydrogen  on  Pd  and  Pt  as  well  as  for 
other  atoms  and  molecules  chemisorbed  on  most  transition  metals  including  Ni,  have  been 
interpreted  as  indicating  d-electron  participation  in  bonding* I*'1 5 *.  Similar  chemisorption- 
induced  attenuation  and  rearrangement  of  state  density  within  a band  have  been  found  for 
simplified  chemisorption  models*161  as  well  as  in  more  detailed  extended-HUckel  calculations 
for  FI  on  paramagnetic  Ni*71.  This  latter  calculation  shows  a 25%  reduction  of  the  d-state 
density  ~ 1 eV  within  Ep  for  atoms  in  the  first  layer  which  is  consistent  with  the  observed 
d-band  changes  for  hydrogen  on  Pd  or  Pt.  assuming  a 3-4  layer  electron  escape  depth,  but  not 
with  those  observed  for  hydrogen  on  Ni(Ill)  or  Ni(110)  Thus,  from  such  calculations  and 


previous  observations  we  conclude  that  hydrogen  chemisorption  bonding  to  Pd  and  Pt  directly 
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involves  substrate  d-electrons.  If  we  assume,  that  each  substrate  has  the  same  escape  depth, 
the  lack  of  preferential  d-band  attenuation  within  ~ 1 eV  of  Ep  for  hydrogen  on  Ni  as  well  as 
the  small  non-uniformities  in  the  Ni  d-band  enhancement  would  suggest  smaller  d-band 
interactions  for  hydrogen  on  Ni  than  on  Pd  or  Pt. 

The  chemisorption-induced  levels  at  5.8  eV,  6.4  and  7.3  eV  on  Ni,  Pd  and  Pt,  respective- 
ly, which  we  associate  with  the  H(ls)  level,  provide  further  information  regarding  the  relative 
bonding  interactions  on  these  surfaces.  The  broad  hydrogen-derived  level  on  Ni  is  suggestive 
of  a resonance  of  the  H(ls)  level  with  the  Ni  s-band(17’l8).  The  narrower  width  of  the 
hydrogen-derived  level  on  Pd  and  Pt  relative  to  that  on  Ni,  further  suggests  that  s-band 
interactions  of  hydrogen  with  Pd  and  Pt  are  weaker  than  for  Ni. 

A larger  s-band  interaction  and  a smaller  d-band  interaction  for  hydrogen  chemisorption 
on  Ni,  relative  to  that  on  Pd  or  Pt,  are  expected  on  the  basis  of  several  known  factors.  First, 
atomic  3d-wavefunctions  do  not  contain  radial  nodes  and  are  more  localized  relative  to  atomic 
4s-wavefunctions  than  are  the  4d  or  5d  wavefunctions,  respectively' ,9>.  Such  trends  in  the 
localization  of  s-  and  d-wavefunctions  are  also  reflected  in  the  d-band  widths  of  bulk  band 

i 

structure  calculations'20*,  and  as  known  from  bulk  hydrides,  there  is  greater  overlap  and 
hybridization  of  hydrogen  s-states  with  the  wider,  lower  lying  d-states  of  Pd  than  with  the 
d-states  of  Ni'21*.  Also,  atomic  3d  wavefunctions  are  less  polarizable  than  4d  and  5d- 
wavefunctions  which  may  thus  limit  interaction  via  distortions  of  the  free  atom  or  surface 
3d-wavefunctions  as  may  occur  for  4d-or  5d-wavefunctions'22).  Finally,  from  energy  band 
calculations  of  Ni,  Pd  and  Pt  as  well  as  supporting  saturation  magnetization  and  Fermi  surface 
measurements,  it  is  known  that  Ni  has  the  greatest  number  of  s-electrons  per  atom  in  the 
valence  band  (~  0.55-0.62)  approximately  50-100%  more  than  that  for  Pt  and  Pd  (~  0 42 
and  0.31),  respectively'20*.  ] 
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In  view  of  this  stronger  interaction  of  hydrogen  with  Ni  s-states,  the  Ni  d-band  changes 
observed  upon  hydrogen  chemisorption,  unlike  the  Pd  or  Pt  d-band  changes,  may  be  a result  of 
an  indirect  readjustment  of  d-states  to  this  interaction  - analogous  to  that  proposed  for 
hydrogen  bonded  to  a Ni  atom'3-41.  Unfortunately,  we  cannot  uniquely  identify  such  indirect 
d-electron  interactions  from  our  UPS  results  alone.  Furthermore,  magnetic  effects  related  to  a 
ferromagnetic  substrate  are  largely  unexplored  and  may  be  responsible  for  some  of  the 
differences  in  the  d-band  changes  we  observe  between  Ni  and  Pd  or  Pt. 

Summary  and  Implication  to  Surface  Reactions:  We  conclude  that  the  interaction  of 

hydrogen  with  the  d-states  of  Ni  is  different  and  likely  weaker  than  with  the  d-states  of  Pd  or 
Pt  where  we  find  evidence  that  bonding  directly  involves  d-electrons.  Also  a stronger 
interaction  of  the  metallic  s-slectrons  with  hydrogen  occurs  on  Ni  than  on  Pd  or  Pt  which  may 
in  part  be  responsible  for  chemisorption-induced  changes  in  the  Ni  d-band.  Thus,  our  results 
support  recent  concepts  for  hydrogen  chemisorption  bonding  to  Ni  surfaces  proposed  by 
Blyholder'6*,  Guse,  Blint  and  Kunz'3)  and  Melius,  Moskowitz,  Baillie  and  Ratner'4-5*  but  not 
their  extension  to  heavier  transition  metals  such  as  Pd  or  Pt. 

Although  it  is  well  established  that  the  catalytic  properties  of  Ni,  Pd  and  Pt  vary  marked- 
ly, our  results  may  be  of  significance  for  better  understanding  differences  in  surface  reactions 
where  chemisorbed  atomic  hydrogen  plays  a role  as  a starting  specie,  an  intermediate  specie,  or 
as  an  end  product.  For  such  reactions  the  similarities  in  the  heats  of  adsorption  of  hydrogen 
on  Ni,  Pd  and  Pt  would  not  lead  one  to  expect  any  significant  differences  in  the  reaction  to  be 
associated  with  hydrogen  chemisorption  bonding  itself.  However,  the  differences  in  the  nature 
of  the  hydrogen  bond  to  Ni  from  that  on  Pd  and  Pt  give  rise  to  differences  in  the  wavefunc- 
tions  of  chemisorbed  hydrogen  which  could  modify  reaction  rates  and  products' 
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Notes  Added:  Recent  UPS  results  at  hv  = 21.2  eV  by  Yu,  et.  al.(24)  for  hydrogen 

chemisorbed  to  polycrystalline  Fe  show  the  same  features  as  observed  here  for  hydrogen 
chemisorption  on  Ni(lll)  or  Ni(110),  suggestive  of  a H-Fe  interaction  similar  to  that  which 
occurs  for  hydrogen  on  Ni.  Also,  Conrad,  Ertl  and  Latta*25'  recently  report  UPS  spectra  for 
H on  Ni(lll)  and  Pdf  111)  in  general  agreement  with  our  results.  We  are  grateful  to  Profes- 
sor Ertl  for  a preprint  of  their  work  prior  to  publication.  Finally,  recent  Xa-multiple  scattering 
calculations  for  H on  Ni,  Pd  and  Pt  clusters*26*  not  only  confirm  our  interpretation  that  the 
d-electrons  of  Pd  and  Pt  are  directly  involved  in  bonding  but  also  agree  with  previous 
results(J,4>6)  for  H on  Ni. 
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ELECTRON  BINDING  ENERGY  (eV) 

Photoemission  energy  distribution  curves  N(E)  relative  to  the  Fermi  level  EF 
for  both  clean  (solid  line)  and  near  saturation  hydrogen  coverages  (dashed 
line)  for  (a)  Ni(lll),  (b)  Pd(lll)  and  (c)  Pt(lll).  The  exposure  in  Lang- 
muirs (L),  sample  temperature,  clean  surface  work  function  <p  and  the  corre- 
sponding change  in  workf unction  A<*>  are  indicated.  All  spectra  are  for  hr  — 


21.2  eV. 


q)6L  H2/Ni(lll),A<#)--0.l2eV,T~300K 


b)  I4L  H2/Ni(lll),  A<£  = 0.l6eV,T~80K 

5%^- 


hi/=40.8eV 


c)2L  H2/Pd  (III),  A<£ = 0. !8eV,T~  80K 


hi/ =40.8  eV 


-5%  V 


d)3L  H?/Pt(lll),  Aj>=-0.2eV,T~80K 


hy=40.8eV 


-5% 


14  12  10  8 6 4 2 Ef 

ELECTRON  BINDING  ENERGY  (eV) 

Photoemission  difference  spectra  AN(E)  relative  to  the  Fermi  level  Ep  for 

saturation  hydrogen  coverages  on  the  clean  surfaces  of  (a)  Nl( 111)  at  T ~ 300 

K for  hr  - 21.2  eV,  (b)  Ni(lll)  at  T - 80  K for  hr  - 40.8  eV  and  for  (c) 

Pd(lll)  and  (d)  Pt(lll)  both  at  T ~ 80  K for  hr  - 40.8  eV.  The  dashed  line 

near  Ep  indicates  the  d-band  width  as  well  as  the  shape  of  the  d-band  features 

if  uniform  enhancement  (+)  or  attenuation  (-)  were  to  occur.  (The  indicated 

values  are  estimated  so  as  to  conserve  state  density  within  the  d-band).  The 

exposures  in  Langmuirs  (L)  and  corresponding  workfunction  changes  A#  are 
indicated. 
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ON  Cu,  Ni,  Pd  and  Pt  SURFACES  * 
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ABSTRACT 

The  molecular  geometries  of  acetylene  chemisorbed  on  Cu(lOO),  Ni(lll),  Pd(lll)  and 
Pt( 111)  and  ethylene  on  Cu( III),  Ni( 1 1 1 ),  Pd(lll)  and  Pt(  1 11 ) surfaces  all  at  T ~ 80K  are 
determined  from  comparisons  of  the  relative  photoemission  ionization  energies  of  these  species 

to  Hartree-Fock  ground  state  energies  for  distorted  molecules  calculated  using  a self- 

* 1 

consistent-field  linear-combination-of-atomic-orbitals  method.  We  find  two  trends  in  the 
structure  of  these  chemisorbed  molecules  on  these  surfaces:  first,  increasingly  greater  molecu- 
lar distortions  occur  with  increasing  atomic  number  of  the  substrate  atom,  and  secondly, 
greater  molecular  distortions  occur  for  ethylene  than  acetylene  on  the  same  metal.  These 
trends  are  consistent  with  a ir-d  bonding  interaction  and  can  be  accounted  for  by  the  electronic 
structure  of  the  substrate  and  of  the  molecule,  respectively.  With  the  exception  of  ethylene  on 
Pd  and  Pt,  we  determine  molecular  geometries  characteristic  of  small  rehybridization.  The 
molecular  geometry  of  ethylene  on  Pd  and  Pt  is  characteristic  of  rchybridization  to  an  sp' 
configuration. 
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The  determination  of  the  geometry  of  adsorbed  hydrocarbon  molecules  on  transition  metal 
surfaces  is  an  important  problem  which,  for  example,  may  provide  a greater  understanding  of 
fundamental  processes  in  heterogeneous  catalysis.  That  is,  the  geometric  structure  not  only 
reflects  the  nature  and/or  strength  of  the  electronic  interaction  but  may  also  influence  surface 
reactions.  One  can  further  divide  the  surface  structure  problem  into  two  related  aspects:  the 
location  of  the  molecule  relative  to  the  surface  atoms  and  the  geometry  of  the  adsorbed 
molecule  itself.  This  latter,  molecular  geometry  reflects  the  ^tate  of  hybridization  of  the 
carbon  atoms  in  the  hydrocarbon  molecule  and  is  important  in  understanding  the  chemisty  of 
the  adsorbed  molecule. 

Several  approaches  can  be  taken  to  obtain  structural  information  about  chemisorbed 
hydrocarbon  species.  Low  energy  electron  diffraction  (LEED)  intensity  analysis  has  proven  to 
be  a powerful  technique  for  determining  the  locations  of  atoms  on  surfaces1-4.  In  particular, 
such  an  analysis  for  a phase  of  chemisorbed  acetylene  on  Pt ( 1 1 1 ) has  been  used  to  determine 
the  locations  of  the  carbon  atoms  of  this  chemisorbed  species  relative  to  the  Pt(lll)  substrate 
atoms*5*.  Although  this  determination  of  bond  site  rules  out  several  previously  postulated 
bonding  models,  more  detailed  information  about  the  adsorbed  species  can  not  be  obtained 
since  present  LEED  analyses  lack  the  sensitivity  to  distinguish  CC  bond  distances  to  within  ± 
0.1  A or  to  determine  H atom  locations*5*.  Such  limitations  would  appear  to  restrict  the  use  of 
LEED  as  a method  to  obtain  structural  information  relevant  to  the  chemisty  of  absorbed 
hydrocarbon  or  other  organic  molecules  on  surfaces. 

Another  approach  in  determining  molecular  geometries  is  to  perform  theoretical  calcula- 
tions of  the  total  energy  for  all  possible  geometries  of  the  absorbed  molecule  on  a transition 
metal  surface  so  as  to  determine  the  geometry  which  provides  the  lowest  total  energy  stale  of 
the  system.  Such  an  approach  is  not  based  upon  an  analysis  of  experimental  observables  and 
depends  upon  accurate,  detailed  theoretical  models  of  fairly  complex  systems.  To  date  no 
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rigorous  ab-initio  calculations  have  been  performed  for  hydrocarbon  molecules  on  any  surface. 
However,  Anderson**’*  has  used  a modified  extended  Hiickel  approach  in  this  manner  to 
determine  the  geometries  of  acetylene  and  ethylene  on  a cluster  of  Ni  atoms  which  simulate 
the  Ni(l  1 1)  surface. 

In  this  work  we  shall  use  the  electronic  structure  of  chemisorbed  acetylene  and  ethylene 
to  obtain  geometric  information.  This  arises  due  to  the  interdependence  of  geometric  and 
electronic  structure.  Such  an  approach  has  been  used  to  obtain  insight  into  the  structure  of 
amorphous  semiconductors171,  the  structure  of  silicon  surfaces18'91,  and  the  structure  of 
hydrogen  surface  compounds  on  - where  other  conventional  structural  methods,  such  as 

X-ray  diffraction  or  LEED  intensity  analyses,  are  either  inapplicable  or  not  yet  tractable  for 
these  systems. 

Here,  we  present  UV  photoemission  results  for  the  energy  levels  of  the  o-orbital  valence 
bonds  of  acetylene  and  ethylene  chemisorbed  on  Cu,  Ni,  Pd  and  Pt  single  crystal  surfaces  at  T 
~ 80K  which  together  with  the  eigenvalues  of  the  o-orbital  valence  bonds  from  molecular- 
orbital  calculations  for  distorted  molecules,  we  use  to  determine  the  molecular  geometries  of 
these  particular  chemisorbed  species.  We  show  that  such  use  of  ground  state  eigenvalues  and 
distorted  free  molecule  calculations  - simplifications  needed  to  render  structural  analysis 
tractable  - do  not  introduce  significant  errors.  Finally,  we  note  that  this  work  represents  an 
extension  of  an  earlier  photoemission  study  of  hydrocarbons  on  a Ni(lll)  surface  where  we 
used  molecular  orbital  calculations  to  place  a limit  on  the  degree  of  rehybridization  occurring 
for  acetylene,  ethylene,  propylene  and  benzene  chemisorbed  on  Ni(lll),ll).  Previous  UV' 
pholoemission  studies  of  absorbed  hydrocarbons  have  generally  used  ionization  levels  primarily 
to  characterize  the  chemical  nature  of  the  absorbed  hydrocarbon*1-'15*. 


The  present  studies  were  performed  in  a turbomolecular  pumped  UHV  system  whose  base 
pressure  is  less  than  lx  10'10  Torr.  The  system  is  equipped  with  a d.c.  resonance  lamp  whose 
operation  increased  the  total  system  pressure  by  1 x IO'10  Torr,  and  a double  pass  cylindrical 
mirror  electron  energy  analyser  (CMA)  for  photoemission  studies.  The  system  also  contains 
facilities  for  low-energy  electron  diffraction  studies,  a UTI  quadrupole  mass  spectrometers  for 
thermal  disorption  studies,  and  an  auxiliary  electron  gun  for  Auger  electron  spectroscopy. 
Single  crystal  samples  of  Cu(lll),  Ni(lll),  Pd(lll)  and  Pt(lll)  were  prepared  by  conven- 
tional techniques* 16)  and  mounted  on  a multiple  sample  holder  which  permitted  the  samples  to 
be  liquid  nitrogen  cooled  to  T ~ 80K  or  resistively  heated  to  T ~ 1600K  is  measured  with  a 
Chromel-Alumel  thermocouple  spot  welded  to  the  back  of  the  crystal.  The  Cud  11)  sample 
was  damaged  in  the  course  of  this  study  and  was  replaced  by  a Cud 00)  crystal.  The  Cu(100) 
crystal  was  prepared  in  an  auxiliary  system  by  vapor  epitaxial  growth  on  a chemically  polished 
MgO(lOO)  substrate  held  at  T ~ 750K..  (Polycrystalline  Cu  films  were  also  formed  in-silu  by 
the  evaporation  of  Cu  onto  a polycrystalline  Ta  substrate).  The  samples  were  cleaned  by  mild 
oxidation  treatments,  argon  ion  sputter-etching  and  subsequent  annealing* lb).  Surface 
characterization  was  performed  by  LEED,  Auger  and  photoemission  analyses.  Research  grade 
purity  Matheson  ethylene  (99.98%)  and  purified  Matheson  acetylene  (>99.6%)  was  used  and 
examined  for  other  impurities  mass  spectroscopically.  In  particular,  the  acetylene  extraction 
procedures  used  to  load  our  gas  manifold  provided  essentially  acetone-free  acetylene.  The 
ratio  of  mass  43  to  mass  26,  the  principal  mass  numbers  for  acetone  and  acetylene,  rcspectisc- 
ly,  was  1/750  for  ionizer  voltages  which  produce  70V  electrons  and  15V  ions. 

Energy  analysis  of  the  photoemitted  electrons  was  performed  with  a double  pass  cylindri- 
cal mirror  analyzer  (CMA)  operated  in  a fixed  pass  mode  so  as  to  have  a minimum  resolution 


of  ~ .15  eV  for  He  I,  and  ~ .25  eV  for  He  II  CPS  work.  These  two  photon  energies  provide 


Page  4 

wider  energy  windows  than  Ne  I or  II  radiation  and,  therefore,  were  used  almost  exclusively. 
The  sample  could  be  rotated  with  their  normal  direction  in  the  plane  defined  by  the  axis  of  the 
CMA  and  the  photon  beam.  The  photon  beam  lies  73°  off  the  axis  of  the  CMA,  and  we 
nominally  chose  the  sample  normal  to  be  20°  from  the  axis  of  the  CMA  into  the  photon  beam 
so  as  to  collect  electrons  over  a wide  range  of  emission  angles.  Changes  in  the  sample 
orientation  did  not  change  the  observed  adsorbate-derived  ionization  energies  but  in  some 
instances  could  change  the  relative  intensities  of  ionization  features.  Work  functions  and  their 
changes  were  measured  using  the  low-energy  cutoffs  of  the  photoemission  energy  distributions. 


II.  Experimental  Results: 

In  Fig.  1 we  show  the  changes  in  the  energy  distribution  AN(E)  of  photoemitted  electrons 
from  the  clean  surfaces  of  Cu(100),  Ni(l  1 1),  Pdf  111)  and  Pt(  111)  after  exposure  to  acetylene 
at  T ~ 80K  for  both  he  = 21.2  and  40.8  eV  photon  energies.  These  AN(E)  spectra  reflect 
both  the  emission  from  occupied  valence  orbitals  of  chemisorbed  acetylene  as  well  as  the 
attenuation  of  the  substrate  emission  associated  with  the  presence  of  the  overlayer  and  any 
alterations  in  the  electronic  structure  of  the  surface  atoms  of  the  substrate.  In  order  to  show 
the  location  of  the  d-bands  as  well  as  any  preferential  d-band  attenuation  for  each  surface  in 
Fig.  1,  we  indicate  a uniform  d-band  attenuation  for  both  he  = 21.2  and  40.8  eV  by  the  short 
dashed  lines.  The  estimated  change  in  secondary  electron  background  is  indicated  by  the 
longer  dashed  line. 

The  spectra  shown  in  Fig.  1 are  each  representative  of  a saturation  coverage  of  a single 
phase  of  acetylene  that  forms  on  the  clean  surface  at  T ~ 80K,  before  we  observe  any 
coverage-dependent  changes  characteristic  of  the  onset  of  the  formation  of  a second  layer  of 
"physically''  absorbed  acetylene.  Here  we  concentrate  on  the  initial  phase  of  acetylene 


chemisorbed  at  T ~ 80K  which  appears  to  be  very  much  the  same  on  each  surface  as  judged 
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from  the  similarities  in  the  AN(E)  spectra.  In  spite  of  these  similarities,  we  note  striking 
differences  upon  warming  the  samples.  At  higher  temperatures  on  Cu(100)  this  phase  of 
acetylene  reversibly  desorbs  while  on  N(lll)  this  phase  is  stable  until  T ~ 400K  where  it 
starts  to  decompose  to  carbon  and  hydrogen.  In  contrast,  this  initial  phase  of  acetylene  on 
Pd(lll)  or  Pt(lll)  at  T ~ 80K.  converts  at  T ~ ZOOK  to  form  a new  olefinic  CjHi  species 
which  starts  to  decompose  to  carbon  and  hydrogen  at  T ~ 460K  <l7). 

The  relative  locations  and  intensities  of  the  ionization  features  for  this  initial  phase  of 
chemisorbed  acetylene  which  lie  further  than  ~ 8 eV  below  Ep  on  each  metal  are  similar  to 
those  occurring  for  gas  phase  acetylene.  In  Fig.  la  we  show  the  ionization  spectra  for  gas 
phase  acetylene  taken  in  a spectrometer  of  similar  geometry  and  energy  resolution  as  used  for 
our  studies*181.  We  can  readily  relate  the  2 ag.  2 au  and  3<rg  molecular  orbitals  of  gas  phase 
acetylene  to  the  ionization  features  we  observe  for  chemisorbed  acetylene.  We  derive  average 
relaxation/screening  shifts*191  of  4.1,  3.5,  3.7  and  3.5  eV,  respectively,  from  the  2ou  and 
3og-derived  ionization  features. 

The  additional  ionization  features  for  this  chemisorbed  phase  between  ~ 3-7  eV  can  be 
related  to  the  In2  orbitals  of  gaseous  acetylene.  As  discussed  previously  for  initially  chemi- 
sorbed acetylene  on  Ni,  Pd  and  Pt,  the  1 tt2  orbitals  of  chemisorbed  acetylene  are  shifted  closer 
to  the  o-orbitals  relative  to  the  gas  phase  by  ~ 1.2,  1.9  and  2 eV  respectively1171.  Such  a shift 
is  indicative  of  ir-d  bonding*12,201.  For  acetylene  on  Cu(lOO)  two  well  resolved  ionization 
features  at  4 and  5 eV  below  Ep  are  observed  in  the  AN(E)  spectra  for  both  he  = 21.2  and 
40.8  eV  which  could  be  attributed  to  the  lir2  orbitals  shifted  1.2  and  2.6  eV,  i.e.  a lifting  of 
the  degeneracy  of  the  lir2  orbitals  by  the  surface.  We  also  observe  these  same  two  features 
for  acetylene  on  polycrystalline  Cu  as  similarly  found  by  Yu  et  al.*l4>  Although  we  find  some 
suggestion  of  a splitting  of  the  lir2  derived  levels  for  acetylene  on  Pdf  I II)  or  Pt(Ill),  the 
strong  redistribution  of  d-states  at  the  bottom  of  the  d-band  characteristic  of  the  ir-d 
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interaction*21',  places  uncertainties  in  relating  such  features  to  only  the  ir-orbitals  of  chemi- 
sorbed acetylene.  We  find  no  indication  of  a lir~  orbital  splitting  for  acetylene  on  Ni(lll)  or 
on  Ni(  1 10)  at  T ~ 80K. 

In  this  work  our  interest  lies  in  the  relative  positions  of  the  higher  lying  a-levels  which 
reflect  the  chemical  nature  of  the  molecule.  In  Fig.  2 we  summarize  the  a-orbital  derived 
vertical  ionization  potentials  (I.P.)  of  gaseous  acetylene  and  the  corresponding  ionization  levels 
of  chemisorbed  acetylene  as  deduced  from  our  results  at  both  photon  energies.  We  note  that 
the  location  of  the  2a-derived  ionization  features  indicated  by  the  dashed  lines  in  Fig.  2 are 
more  uncertain  than  the  other  levels  due  to  its  low  intensity  and  overlap  with  the  onset  of 
d-band  emission  from  h>>  = 23.7  eV  radiation.  Although  it  is  clear  that  acetylene  on  these 
surfaces  is  chemically  similar  in  each  case  to  gaseous  acetylene,  we  find  a trend  in  the  widening 
of  the  separation  between  the  2 ou  and  3og  derived  ionization  levels  in  going  from  Cu  to  Pt 
which  we  shall  consider  in  detail  later. 

In  Fig.  3 we  show  AN(E)  spectra  at  hi»  = 21.2  and  40.8  eV  for  ethylene  chemisorbed  at  T 
~ 80K  onto  clean  Cu(  111),  Ni(  1 1 1 ),  Pdf  111)  and  Pt(  111)  surfaces.  As  before,  these  spectra 
represent  saturation  coverages  of  an  initial  phase  of  ethylene  which  forms  before  multilayer 
adsorption.  We  note  that  ethylene  chemisorbed  on  either  Cu(lOO)  or  Cu(lll)  at  T ~ 80K 
have  the  same  relative  ionization  levels  . For  comparison  we  also  show  in  Fig.  3a  the  ioniza- 
tion features  for  gas  phase  ethylene  again  obtained  in  a spectrometer  of  similar  geometry  and 
resolution  as  used  in  our  studies.  Comparison  of  these  levels  indicate  (hat  the  I b*2u  orbital,  the 
ir-orbital,  appears  to  be  shifted  toward  the  lb;g  ionization  level  relative  to  the  gas  phase  levels, 
indicative  of  w-d  bonding12-21'.  We  note  that  the  exposure  of  ethylene  to  Ni.  Pd  and  Pt  at 
higher  temperatures  (T  > 200K)  or  warming  to  T > 200K  results  in  the  chemical  reaction  of 
ethylene  with  the  surface  to  form  chemisorbed  hydrogen  and  C;H;  species  which  we  have 
discussed  elsewhere* l2  l7).  Ethylene  on  Cu(l  1 1)  reversibly  desorbs  upon  warming. 


Page  7 


We  summarize  in  Fig.  4 the  e-orbital  derived  vertical  [.P.’s  of  gaseous  ethylene  and  the 
corresponding  ionization  levels  of  chemisorbed  ethylene  again  determined  from  both  hr  = 21.2 
and  40.8  eV  results.  Here,  we  show  that  the  relative  a-derived  ionization  levels  for  chemi- 
sorbed ethylene  are  more  strongly  modified  from  those  in  the  gas  phase  than  is  the  case  for 
acetylene  on  these  surfaces.  The  average  relaxation/screening  shifts' ,q)  for  ethylene  on  these 
surfaces  are  approximately  1.9  eV,  2.3,  2.0  and  2.9  eV  respectively,  as  determined  from  the 
lb3u,  3ag  and  lb2g-derived  orbital  ionization  features. 

III.  The  Structure  of  Initially  Chemisorbed  Acetylene  and  Ethylene 

The  similarities  in  the  relative  ionization  levels  of  initially  chemisorbed  and  gas  phase 
acetylene  and  ethylene  indicate  that  the  surface  species  are  chemically  similar  to  their  gas 
phase  counterparts.  However,  some  differences  exist  in  these  ionization  energies  relative  to 
those  in  the  gas  phase  which  can  be  used  to  obtain  geometric  information.  Fortunately,  we 
find  two  approximations  which  simplify  an  analysis  of  these  ionization  levels  and  render  the 
problem  tractable  without  introducing  significant  errors.  First  we  utilize  calculations  of 
distorted  free  molecules  for  all  reasonable  combinations  of  CC  and  CH  bond  distances  and 
CCH  and  HCH  bond  angles  to  assess  how  geometric  changes  from  the  equilibrium  gas  phase 
geometry  affect  orbital  energies.  We  then  correlate  the  differences  in  ionization  levels  we 
observe  experimentally  between  gaseous  and  chemisorbed  molecules  to  the  changes  in  energy 
levels  found  theoretically,  to  derive  the  geometry  of  the  chemisorbed  hydrocarbon. 

A simple  physical  basis  exists  for  the  use  of  these  approximations  as  well  as  the  use  of 
o-orbital  energies  to  obtain  structural  information  regarding  chemisorbed  unsaturated  hydro- 
carbons. Namely,  the  electrons  in  the  hydrocarbon  o-valence  orbitals  are  shielded  by  the 
rr-electrons  and  separated  in  both  space  and  energy  from  the  substrate  d-electrons  so  as  to 
reduce  any  direct  <r-d  interaction  However,  within  the  chemisorbed  molecule  the  ir-  and 
<r-valence  electrons  are  stilled  largely  coupled  as  they  are  in  the  free  molecule  so  that  any 
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distortions  in  the  ir-electron  charge  density  caused  by  77-d  bonding  will  directly  influence  the 
o-electron  charge  density.  Hence,  the  intermolecular  interactions  will  directly  affect  the 
equilibrium  positions  of  the  atoms  within  the  molecule  and,  subsequently,  the  eigenvalues  of 
the  a-levels.  Further,  the  possible  shielding  of  the  0-elcctrons  by  the  ir-clcctrons  as  well  as  the 
similar  delocalization  of  electrons  in  each  of  the  0-valence  orbitals  relative  to  the  surface, 
would  lead  to  similar  final-state  relaxation  effects  for  each  o-valence  orbital.  Thus,  to  the 
extent  that  these  conditions  are  valid,  the  observed  differences  in  relative  0-orbital  l.P.'s 
between  these  chemisorbed  molecules  and  their  gas  phase  counterparts  will  reflect  changes  in 
the  molecular  geometry  that  have  occurred  upon  chemisorption. 

More  quantitative  results  indicate  the  validity  of  the  forementioned  qualitative  arguments. 
First,  free  molecule  calculations  are  supported  by  recent  SCF  X-«  multiple-scattering  calcula- 
tions of  ethylene  interacting  with  one  atom  of  Ni,  Pd  or  Pt,2l)  or  two  atoms  of  Ni(20\ 
extended  HUckcl  calculations  of  gaseous  and  distorted  acetylene  on  Ni  clusters(6'")  as  well  as 
our  own  SCF  LCAO  calculations  of  gaseous  and  distorted  acetylene  and  ethylene  on  Be  and 
Li  clusters.  These  calculations  indicate  that  the  presence  of  the  metal  atom  or  atoms  alone 
does  not  significantly  affect  the  relative  ground  state  energies  of  the  higher  lying  0-valence 
orbitals.  Further  the  changes  in  orbital  energies  which  occur  upon  distortion  of  the  molecule 
appear  to  be  independent  of  whether  metal  atoms  are  present.  Secondly,  emphirical  evidence 
shows  that  0-orbital-dependent  changes  in  final-state  screening  and  relaxation  effects  associat- 
ed with  the  presence  of  the  surface  are  not  significant  for  these  chemisorbed  species.  We  find 
that  the  valence  orbital  ionization  levels  for  monolayer  coverages  of  a variety  of  adsorbed 
saturated  hydrocarbon  molecules  on  Ni(n)  or  on  Cu,  Pd  and  Pt  surfaces  as  well  as  for 
condensed  unsalurated  or  saturated  hydrocarbons  on  these  surfaces  are  uniformly  shifted  from 
those  of  their  gas  phase  counterparts.  Possible  errors  introduced  by  these  approximations  will 
be  discussed  later. 


Page  9 


For  our  free  molecule  calculations  we  utilize  GAUSSIAN-70,  an  ab-initio  SCF  LCAO 
molecular  orbital  calculation123’,  with  a 4-3 1G  basis  set.  These  calculations  require  core 
storage  of  ~ 250  kilobytes  and  computation  times  of  ~ 12  or  28  seconds  per  geometry  for 
acetylene  or  ethylene,  respectively,  on  an  IBM  370-168  computer.  In  order  to  demonstrate 
that  the  relative  ground  state  energy  level  positions  of  these  molecular  orbital  calculations  can 
be  accurately  related  to  vertical  ionization  potentials  (l.P.’s)  we  show  a comparison  of  our 
calculated  eigenvalues  and  I. P.’s  for  acetylene’18'24’,  ethylene* l8-24’,  ethane* l8'25,26’  and 
methane*25,26’  in  Fig.  5.  Here,  we  have  chosen  the  energy  scales  to  allow  visual  comparison  of 
relative  level  positions.  Although  some  differences  in  the  trends  are  observed,  for  example,  in 
the  relative  locations  of  the  C 2ss-derived  levels,  we  observe  rather  good  argeement  between 
measured  ionization  levels  and  the  relative  ground  state  energy  levels  we  calculate  for  free 
molecules.  We  expect  these  calculations  to  predict  the  relative  changes  in  ionization  levels  for 
distorted  free  molecules  with  similar  accuracy. 


In  our  previous  work  to  investigate  possible  rehybridization  effects  of  unsaturated 
hydrocarbons  on  Ni*1”,  we  had  performed  similar  calculation  on  distorted  molecules  for 
specific  geometries  expected  to  be  characteristic  of  a particular  degree  of  rehybridization. 
Here  we  make  no  such  assumptions  and  take  combinations  of  many  possible  geometric 
distortions.  For  acetylene  we  have  performed  these  calculations  for  all  combinations  of  CC 
bond  distances  from  1.21  A to  1.46A  in  .05 A increments  with  CCH  bond  angles  from  180°  to 
108°  in  12°  increments.  This  represents  42  geometries  each  with  a fixed  CH  bond  length  of 
1.06A.  We  have  also  examined  CH  bond  lengths  for  acetylene  of  I.OsA  and  l.loA  for  several 
selected  geometries  to  establish  how  these  CH  bond  length  variations  affect  the  eigenvalues. 
Similarly  for  ethylene  we  have  calculated  all  combinations  of  geometries  for  CC  bond  lengths 
from  1.34  to  1 . 54 A in  .05A  increments,  CCH  bond  angles  from  120.0  to  106.84°  in  2.63° 


increments  and  HCH  bond  angles  from  120°  to  104.20  in  2.63°  increments  each  with  a fixed 
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CH  bond  distance  of  1.1  oA.  This  represents  245  geometries.  Here  the  CH  bond  distance  of 
1.10A  was  initially  selected  since  this  CH  bond  length  is  found  in  Zeise’s  salt'27',  but  we  have 
also  examined  other  CH  bond  lengths  of  1.07  and  1.08 A to  again  determine  how  variations  in 
CH  bond  length  affect  the  eigenvalues.  Finally,  we  note  that  from  the  dependence  of  these 
eigenvalues  upon  changes  in  CH  or  CC  bond  distances  or  CCH  or  HCH  bond  angles  we  could 
reliably  extrapolate  calculated  eigenvalues  to  the  next  increment  of  each  geometric  parameter 
from  the  actual  geometries  considered.  This  represents  a possible  total  of  216  geometries  for 
acetylene  and  1 134  geometries  for  ethylene. 

In  Fig.  6 we  illustrate  how  these  geometric  distortions  typically  modify  the  eigenvalues  of 
acetylene  for  either  a change  in  CC  bond  distance  (Fig.  6a)  or  for  a change  in  CCH  bond 
angle  from  the  equilibrium  gas  phase  geometry  of  acetylene  (Fig.  6c).  Here  we  label  the 
eigenvalues  according  to  their  bonding  character.  We  also  indicate  by  the  dashed  lines  in  Fig 

o 

6b  the  eigenvalues  for  acetylene  with  a CH  bond  i nee  of  1.10A.  For  all  geometries  we 
indicate  the  change  in  Hartree-Fock  energy  AE  from  the  equilibrium  acetylene  geometry. 
Although  the  shifts  in  eigenvalues  depend  upon  the  particular  change  in  geometry,  similar 
trends  exist,  for  example,  in  how  variations  in  CCH  bond  angles  change  eigenvalues  for  other 
CC  bond  distance.  Thus,  for  a CC  bond  distance  of  I 41  A.  a change  in  the  CCH  bond  angle 
from  180°  to  132°  shifts  the  2ss  (2 og)  eigenvalue  downward  and  the  2ss*  (2<tu)  and  acc  (3<ig) 
eigenvalues  upward  as  indicated  by  the  dashed  levels  in  Fig  6a.  We  also  find  that  for  some 
combinations  of  CC  bond  lengths  and  CCH  bond  angles  (he  relative  separation  between  2ss 
(2og)  and  2ss*  (2<»u)  eigenvalues  can  remain  unchanged.  Ilns  is  also  true  for  the  2ss*  (2nu) 
and  occ  (3og)  levels  where  the  increased  separation  occuring  for  an  increased  CC  bond  length 
can  be  offset  in  some  cases  by  a decrease  in  the  CCH  bond  angle.  Thus,  the  nature  of  the 
dependencies  of  these  three  n-orbital  eigenvalues  upon  certain  geometric  changes  can  lead  in 


some  cases  to  multiple  geometries 
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The  geometric  dependence  of  the  valence  orbital  eigenvalues  of  ethylene  are  shown  in 
Fig.  7 for  a fixed  CH  bond  distance  of  l.loA.  We  again  label  these  eigenvalues  according  to 
their  bonding  character.  In  Fig.  7b  the  eigenvalues  for  the  gas  phase  geometry  of  ethylene,  i.e. 
a CH  bond  distance  of  1.08A,  are  shown  by  the  dotted  lines;  the  solid  lines  indicate  the 
eigenvalues  for  a CH  bond  distance  of  l.loA.  Again  we  find  that  changes  in  the  CH  bond 
length  for  other  geometries  tend  to  shift  the  eigenvalues  in  the  same  manner.  Unlike  acetylene 
however,  we  find  that  for  all  distortions  examined  the  shifts  in  eigenvalues  are  such  that  a 
duplication  of  eigenvalues  does  not  occur,  i.e.,  one  unique  set  of  eigenvalues  appears  to  exist 
for  each  set  of  geometric  parameters.  For  example,  although  an  increase  in  the  CH  bond 
distance  tends  to  produce  a relative  shift  in  the  (3ag)  level  characteristic  of  an  increased 
HCH  bond  angle,  it  also  produces  a shift  in  the  2ss*  (2au)  level  relative  to  the  oCH  ( 1 b3u  and 
lb2g)  levels  which  is  not  characteristic  of  an  increased  HCH  bond  angle. 


In  order  to  compare  these  calculated  levels  to  the  ionization  levels  which  we  observe 
experimentally  we  cannot  directly  compare  absolute  energies  or  differences  as  these  are 

uncertain  due  to  limitations  and  approximation  in  the  calculation  such  as  the  treatment  of 

exchange-correlation,  basis  set  effects,  etc.,  as  well  as  the  fact  that  we  do  not  calculate 
ionization  energies.  In  view  of  the  apparent  uniformity  of  final-state  screening  and  relaxation 
effects  for  adsorbed  hydrocarbons  as  mentioned  earlier,  as  well  as  the  close  correspondence 
between  eigenvalues  and  I. P.’s  of  gaseous  molecules  shown  in  Fig.  5,  we  believe  that 

a scaling  of  the  changes  in  relative  energy  level  separations  between  gaseous  and  chemisorbed 
phases  should  be  the  most  reliable  and  accurate  procedure  for  comparing  experiment  to  our 
calculations.  Thus,  for  a given  chemisorption  system  we  adjust  the  calculated  o-level  separa- 
tions for  the  free  molecule  in  proportion  to  the  corresponding  change  in  a-level  separation 
between  the  gaseous  and  chemisorbed  phase  ionization  levels  so  as  to  determine  a new  set  of 

energy  levels.  This  scaled  set  of  eigenvalues  are  then  compared  to  all  the  calculated  eigenva- 

lues to  determine  the  geometry  which  best  reproduces  these  experimentally  derived  levels. 
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The  molecular  geometries  determined  in  this  manner  for  acetylene  and  ethylene  on  Cu, 
Ni,  Pd  and  Pt  are  shown  in  Tables  I and  II,  respectively.  Indicated  in  each  table  is  d±,  the 
separation  between  the  plane  containing  the  hydrogen  atoms  and  the  CC  bond  axis,  as  well  as 
AE,  the  change  in  Hartree-Fock  energy  for  each  molecular  geometry  from  the  equilibrium  gas 
phase  geometry.  In  Table  II  we  also  indicate  for  comparison  the  molecular  structure  of 
ethylene  in  Zeise’s  salt  as  determined  by  a recent  neutron  diffraction  study*27’.  We  note  that 
in  our  analysis  for  chemisorbed  acetylene  we  have  initially  neglected  the  2ag-derived  ionization 
level  due  to  uncertainties  in  its  location,  and  in  so  doing  we  cannot  determine  CH  bond 
distances  or  find  unique  geometries.  That  is,  we  find  several  acetylene  geometries  which 
match  the  observed  2ou  - 3 <jg  level  separation:  the  structures  with  the  larger  CC  bond 
distances  and  with  CCH  bond  angles  smaller  than  144°  arise  from  compensating  effects  in  the 
geometric  dependencies  of  the  3ug  and  2 cru  eigenvalues  as  mentioned  earlier.  (In  principle  a 
continuous  set  of  CC  bond  distances  and  CCH  bond  angles  could  be  found  over  a certain 
range  of  these  variables.)  However,  if  we  consider  that  the  relative  separation  between  the  2og 
and  2au-derived  ionization  levels  does  not  appear  to  change  appreciably  upon  chemisorption, 
as  suggested  in  Fig.  1 and  2,  we  can  rule  out  all  structures  with  CCH  bond  angles  smaller  than 
132°. 


To  determine  the  overall  accuracies  of  these  results  we  must  consider  several  sources  of 
uncertainties.  These  are  derived  from  the  sensitivity  of  the  calculated  eigenvalues  to  molecular 
distortions,  the  + 0.05  eV  uncertainties  in  the  relative  ionization  levels  we  observe1*8’,  and 
the  errors  introduced  by  the  approximations  within  our  analysis.  We  can  estimate  the  errors 
introduced  in  the  scaling  procedures  used  for  relating  the  changes  observed  in  I P 's  to  our 
calculated  eigenvalues  by  considering  how  optimization  of  the  scaling  to  match  any  pair  of 
orbitals  affects  the  determined  geometry.  This  arises  since  the  relative  eigenvalues  do  not 
identically  reproduce  the  I. P.'s  in  Fig.  5.  We  find  that  as  a result  of  the  sensitivity  of  the 
calculated  eigenvalues  to  geometric  distortions  and  the  already  close  correspondence  between 
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I. P.'s  and  eigenvalues,  the  determined  geometry  is  almost  independent  of  the  scaling  procedure. 
Namely,  of  the  9 ways  to  scale  ethylene’s  f.P.'s,  we  find  all  give  rise  to  the  same  molecular 
structure  on  Cu  or  Ni  while  on  Pd  and  Pt  one  scaling  procedure  gives  rise  to  a different 
structure  which  differ  from  the  others  by  a CCH  or  HCH  bond  angle  of  2.63°.  Thus, 
uncertainties  produced  by  our  comparisons  to  ground  state  eigenvalues  would  appear  to  be 
small. 

The  neglect  of  substrate  atoms  in  our  calculations  introduces  small  errors  which  we  can 
also  estimate.  For  example,  screening  of  the  molecule  by  the  electrons  of  the  substrate  atoms 
may  reduce  the  antibonding  character  of  the  C 2ss*  (lb3u)  molecular  orbital  so  as  to  shift  it  to 
lower  energies.  In  one  calculation12 n this  shift  is  found  to  be  substrate  atom  dependent  - 
being  the  largest  ~ 0.05  eV  for  Pt.  Although  we  do  not  observe  any  noticeable  change  in 
separation  between  the  corresponding  C 2ss*  - C 2ss  levels  for  monolayer  adsorption  of  ethane 
on  Pt  relative  to  gaseous  ethane,  the  lack  of  consideration  of  such  a 0.05  eV  shift  in  the  C 
2ss*  level  of  ethylene  would  primarily  result  in  an  overestimation  of  the  CC  bond  expansion  by 
~ 0.025A.  Similar  screening  effects  would  be  expected  also  for  the  2 au  orbital  of  acetylene. 

Bearing  in  mind  ail  such  uncertainties  we  conservatively  estimate  that  for  small  molecular 
distortions  the  overall  accuracies  of  our  geometries  are  about  + 0.025A  for  CC  bond  lengths, 
± 2.63°  or  ±6°  for  HCC  bond  angles  for  ethylene  or  acetylene,  respectively,  ± 2.63°  for 
HCH  bond  angles  and  ± 0.02A  for  CH  bond  distances  for  ethylene.  For  distortions  which  are 
characteristic  of  strong  rehybridization  of  the  carbon  atoms  in  the  adsorbed  molecule,  we 
expect  these  limits  of  accuracy  to  become  larger  due  to  the  eventual  breakdown  of  the 
approximations  used. 

IV.  Discussion  of  Molecular  Geometries 

First,  we  can  compare  our  detailed  structural  results  for  acetylene  and  ethylene  on 
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Ni(lll)  to  the  extended  Hiickel  results  of  Anderson1'’--2'  where  the  geometry  of  these 
molecules  on  small  Ni  clusters  were  selected  on  the  basis  of  total  energy  optimization. 
Anderson’s  results  indicate  CC  bond  expansions  of  ~ 0.2A  as  well  as  a decrease  in  the  CCH 
bond  angle  by  45-55°  from  those  of  the  free  molecules  - substantially  greater  than  our 
findings.  The  energy  levels  for  Anderson’s  determined  geometries  indicate  energy  level  shifts 
from  the  undistorted  molecule  which  are  characteristic  of  those  we  find  in  our  free  molecule 
calculations  when  similar  distortions  occur.  Thus,  the  small  changes  in  ionization  levels 
experimentally  observed  between  gaseous  or  chemisorbed  acetylene  or  ethylene  on  Ni  are  not 
consistent  with  Anderson’s  predicted  geometries.  The  large  molecular  distortions  predicted  by 
Anderson  may  have  resulted,  for  example,  from  his  choice  of  parameters1301  which  may  cause 
small  errors  in  total  energies1-’0',  from  the  use  of  small  clusters,  or  from  the  lack  of  self- 
consistency  in  his  calculations  which  may  permit  excessive  charge  transfer*3".  We  do  not 
compare  our  structural  results  for  the  low  temperature  phase  of  chemisorbed  acetylene  on 
Pt(lll)  to  the  structure  of  a room  temperature  phase  of  acetylene  on  Pt(lll).  deduced  in  a 
LEED  intensity  analysis  by  Kesmodel,  et.  al.,5\  since  these  phases  are  not  equivalent* l7). 

Since  no  other  structural  results  exist  for  hydrocarbon  molecules  on  surfaces,  we  now 
discuss  the  qualitative  trends  in  the  geometries  of  acetylene  and  ethylene  on  the  different 
transition  metals  surfaces.  The  relative  trends  in  these  geometries  are  expected  to  be  quite 
reliable  regardless  of  the  simplifications  of  our  analysis.  Furthei,  we  do  not  expect  our 
consideration  of  acetylene  on  Cu(100)  rather  than  on  Cu(I  1 1 ) to  affect  such  trends  as  little  if 
any  crystallographic  dependencies  were  found  for  ethylene  on  Cu(IOO)  and  Cu(lll).  In 
summary,  we  find  stronger  distortions  in  the  molecular  geometries  for  the  heavier  substrate 
atoms,  i.e.  increasing  distortions  in  going  from  Cu  or  Ni  to  Pt.  Also  the  distortions  for 
ethylene  appear  to  correspond  to  a proportionally  greater  degree  of  rehvbridization  and 
increase  in  the  change  in  Hartree-Fock  energy  than  for  acetylene  on  these  surfaces.  We  find 
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that  both  these  trends  can  be  readily  accounted  for  on  the  basis  of  the  electronic  structure  of 
these  surfaces  and  molecules  as  well  as  the  occurrence  of  a w-d  bonding  interaction. 

A w-d  bonding  interaction  is  commonly  believed  to  occur  for  unsaturated  hydrocarbons  in 
organometallic  transition  metals  compounds.  Here  bonding  involves  the  admixture  of  occupied 
metallic  d-states  with  unoccupied  molecular  rr'-states  and  occupied  molecular  ir-states  with 
occupied  metallic  d*-states,  so  as  to  produce  both  dative  and  retrodative  (backbonding) 
bonding  components,  respectively*29*.  The  backbonding  component  not  only  provides  the 
main  contribution  to  the  heat  of  adsorption*12*,  i.e.  bonding  energy,  but  is  also  though  to  be 
responsible  for  the  distortions  within  the  bonded  molecule*32*.  Here,  we  expect,  a stronger 
n-d  bonding  interaction  to  occur  with  the  Pd  and  Pt  substrate  atoms  since  their  d- 
wavefunctions  are  more  spatially  extended  and  can  more  readily  overlapp  with  v and  n* 
molecular  orbitals*21*.  Thus,  the  stronger  distortions  we  observe  for  ethylene  or  acetylene  on 
Pd  and  Pt  surfaces  versus  the  Cu  or  Ni  surface  can  be  attributed  to  the  greater  d -*«■* 
"backbonding"  component  of  a stronger  u-d  bonding  interaction.  This  increased  7r-d  interac- 
tion is  also  reflected  in  the  increased  ir-orbital  bonding  shift  for  acetylene  on  these  surfaces  as 
previously  discussed*17*.  A similar  increase  in  the  w-orbilal  bonding  shift  for  ethylene  as  a 
function  of  substrate  likely  occurs  on  these  surfaces  as  well,  but  it  is  difficult  to  accurately 
separate  ionization  features  of  the  1 b^u  (ir  orbitall  from  the  lb2g  derived  orbitals. 

In  addition,  we  can  associate  the  stronger  distortions  of  chemisorbed  ethylene  relative  to 
those  of  chemisorbed  acetylene  with  the  electronic  structure  of  these  molecules.  In  general, the 
n-n‘  level  separation  should  be  larger  in  acetylene  than  in  ethylene  since  the  carbon  atoms  arc 
closer  together  in  acetylene.  This  is  found  to  be  true  for  the  triplet  ir-» it*  excitation  of  gas 
phase  ethylene  and  acetylene  where  the  transition  energies  arc  found  to  be  4.4*33*  and  5.3 
eV*34*,  respectively.  Using  the  locations  of  the  unperturbed  ir-levcls  for  acetylene  and 
ethylene  on  these  surfaces,  3-4  eV  versus  3. 5-4. 5 eV  below  E,r  respectively,  as  well  as  the 
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tt-*tt*  excitation  energies  for  acetylene  and  ethylene,  we  can  position  the  unperturbed  tt  and 
tt*  level  of  acetylene  and  ethylene  relative  to  the  substrate  d-states.  The  unperturbed  it’  level 
for  acetylene  should  lie  above  the  unperturbed  it*  level  for  ethylene,  ~ I 1/2  eV  further  from 
the  occupied  d-bands.  Thus,  even  though  we  expect  a shift  of  both  it*  levels 

associated  with  the  w’-d  interaction,  the  separation  between  the  initial  it*  level  and  the  highest 
lying  occupied  d-states  is  smaller  for  ethylene  than  for  acetylene  within  this  simple  picture. 
This  smaller  d -♦  tt*  transition  energy  would  permit  a stronger  w-d  "backbonding"  interaction 
for  ethylene  than  for  acetylene  and  thus  account  for  the  greater  distortions  of  ethylene  on 
these  surfaces.  A more  detailed  discussion  is  precluded  by  the  lack  of  specific  knowledge 
regarding  ground  state  energies  of  the  tt  orbitals  as  well  as  the  tt-*tt*  transition  energies  for 
these  chemisorbed  species,  the  geometric  location  of  these  molecules  on  these  surfaces  and  the 
d-wavefunctions  of  the  substrate  atoms. 

Another  noteworthy  distinction  between  the  structures  of  acetylene  and  ethylene  on  these 
surfaces  is  the  relatively  strong  distortion  of  ethylene  on  Pd  and  Pt.  Namely,  while  the 
distortions  for  acetylene  are  relatively  small  and  appear  to  vary  uniformly  from  one  surface  to 
the  next,  the  distortions  for  ethylene  on  Pd  and  Pt  are  markedly  greater  than  on  Cu  or  Ni.  In 
particular,  our  analysis  for  ethylene  on  Pd  and-Pt  shows  that  the  hydrogen  atoms  arc  strongly 
bent  away  from  the  CC  bond  axis,  even  more  than  for  pure  sp?  hybridization  of  the  carbon 
atoms.  However,  while  the  hydrogen  locations  are  characteristic  of  sp1  hybridization,  neither 
our  determined  CC  bond  distances  nor  the  3. 6-4.0  eV  splitting  between  the  2ss*  and  higher 
lying  o-lcvel  derived  ionization  features  is  characteristic  of  complete  sp'  hybridization.  (As 
shown  in  Fig.  5 this  latter  splitting  strongly  characterizes  the  nature  of  the  CC  bond  and  is  ~ 
5.2  cV  for  ethane.)  The  tendency  to  preserve  the  "olefinic"  CC  bond  distance  for  ethylene  on 
Pd  and  Pt  may  be  necessary  for  optimal  spatial  overlap  of  d-and  ir-wavefunctions.  Perhaps, 
this  strongly  distorted  phase  of  ethylene  on  Pd  and  Pt  may  be  related  to  the  olefinic  phase  of 
acetylene  on  Pd  and  Pt  which  occur  for  T > 200K'171.  Clearly,  we  cannot  answer  such 
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questions  at  present  and  again  caution  that  our  geometric  results  become  less  certain  for  these 
large  distortions. 

Finally,  the  relative  ionization  intensities  for  ethylene  on  Pd  and  Pt  also  show  an  interest- 
ing difference  from  those  observed  for  free  ethylene  or  ethylene  on  Cu  or  Ni  which  may  be 
related  to  the  strong  distortion  of  the  hydrogen  atoms  locations  in  ethylene  on  Pd  and  Pt. 
Namely,  we  find  that  the  (tch  (lb3u  and  1 b2g)  - derived  ionization  features  of  chemisorbed 
ethylene  on  Pd  or  Pt  are  more  intense  relative  to  the  acc  (3ap)  -derived  ionization  feature 
than  on  Ni  or  Cu  as  shown  in  Fig.  3.  Since  our  electron  energy  analyser  preferentially  collects 
photoemitted  electrons  over  a range  of  angles  between  ~ 20°  to  60°  from  the  sample  normal, 
the  relative  enhancement  of  CH  orbitals  on  Pd  and  Pt  may  reflect  additional  emission  due  to  a 
bending  of  these  orbitals  well  out  of  the  plane  of  the  surface.  Alternately,  stronger  rehybridi- 
zation for  ethylene  on  Pd  or  Pt  may  tend  to  mix  the  ir-electrons  into  the  -orbitals  as 

occurs  for  ethane  (sec  Fig.  5b).  Angle  resolved  and  polarization  dependent  phoioemission 
studies  such  as  recently  performed  for  CO  on  N i( and  P t * ^ f * will  likely  provide  further 
insight  into  such  questions. 

V.  Conclusions: 

We  have  determined  the  molecular  geometries  of  acetylene  and  ethylene  chemisorbed  on 
Cu,  Ni,  Pd  and  Pt  surfaces  at  T ~ 80K  via  comparisons  of  the  relative  ionization  levels  of 
gaseous  and  chemisorbed  species  to  eigenvalues  obtaineil  from  SCF  LCAO  calculations  of 
distorted  free  molecules.  Despite  the  several  approximations  which  aie  used  to  render  such  a 
structural  analysis  tractable,  we  argue  that  fairly  accurate  structural  determinations  can  be 
made  anil  that,  in  particular,  the  structural  trends  are  reliable. 

We  conclude  that  at  T ~ 80K  acetylene  adsorbs  on  all  surfaces  as  a rr-bonded  species 
which  is  not  strongly  rehybridized.  However,  we  observe  increasing  geometric  distortions  as 
the  atomic  number  of  the  substrate  atoms  increases  which  can  be  related  to  an  enhanced  rr-d 


Page  18 


"backbonding"  interaction  associated  with  the  greater  spacial  extent  of  the  d-wavefunction  of 
the  heavier  transition  metal  atoms.  For  chemisorbed  ethylene  at  T ~ 80K  we  not  only  observe 
a similar  dependence  of  the  molecular  geometry  on  the  substrate  but  also  greater  molecular 
distortions  than  for  acetylene.  We  relate  these  greater  distortions  to  a stronger  w-d 
"backbonding"  interaction  which  may  arise  due  to  an  expected  smaller  transition  energy 
between  occupied  d-states  of  the  metal  and  ir*-states  of  ethylene  than  for  acetylene.  Although 
the  geometries  of  chemisorbed  ethylene  on  Cu  and  Ni  at  T ~ 80K  are  characteristic  of  a 
weakly  distorted,  nearly  planar  molecule,  ethylene  on  Pd  and  Pt  at  these  same  temperatures 
appears  to  be  distorted  into  an  sp?  hybridization  configuration  with  a CC  bond  distance  less 


than  expected  for  a CC  single  bond. 
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Table  I Molecular  structure  of  acetylene  on  Cu(100).  Ni(lll),  Pd(  1 1 1)  and  Pt(lll) 

surfaces  at  T ~ 80K  as  prescribed  by  bond  distances  d and  bond  angles  9.  Also 
shown  is  dx  the  distance  from  the  plane  containing  the  hydrogen  atoms  to  the 
CC  bond  axis  as  well  as  AE  the  change  in  Hartree-Fock  energy  for  this  distorted 
geometry.  The  CH  bond  distance  cannot  be  determined  (see  text).  The  overall 
accuracies  are  discussed  in  the  text. 


dcc^A) 

^CCH 

clx(A) 

AE(e 

/Cu(100) 

t 1.21 

180-169° 

0-.22 

.065 

1.26 

1 14° 

.98 

— 

/Ni(lll) 

t 1.235 

180-168° 

0-.22 

.188 

1.26 

117° 

.95 

— 

/Pd(lll) 

f 1.235 

168° 

.22 

.251 

1.26 

120° 

.93 

— 

1.31 

114° 

.98 

— 

/Pt(  III) 

t 1.26 

168° 

.22 

.374 

t 1.235 

144° 

.63 

1.23 

1.26 

126° 

.86 

— 

1.31 

117° 

.95 

_ 

t preferred  value  based  on  general  location  of  the  2<jg-derived  ionization  level  of  acetylene  on 
these  surfaces  (see  text). 
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Table  II  Molecular  structure  of  ethylene  on  Cu(  111),  Ni(  111),  Pdf  111)  and  Ptf  1 1 1 ) surfaces  at  T ~ 

80K  as  prescribed  by  bond  distances  d and  bond  angles  8.  Also  shown  is  dx  the  distance 
from  the  plane  containing  the  hydrogen  atoms  to  the  CC  bond  axis  as  well  as  IE  the  change 

o 

in  Hartree-Fock  energy  for  this  distorted  geometry.  (dx  for  ethane  = .52A).  The  overall 
accuracies  are  discussed  in  the  text. 


dCc(A) 

dCH(A) 

0HCH 

®CCH 

dj^fA) 

AE(eV) 

/CuC  111) 

1.34-1.39 

1.07 

120° 

120-1  17.4° 

. 12A 

.133 

/Ni(lll) 

1.39 

1.10 

1 17.4° 

120° 

. 1 6 A 

.347 

/Pdf  111) 

1.44 

1.10 

106.8-109.5° 

106.8-109.5° 

.54A 

2.71 

/Ptf  111) 

1.49 

1.10 

106.8° 

106.8-109.5° 

.56A 

2.96 

Zeise’s  Salt* 

1.375 

1.10 

1 14.9° 

121.0° 

. 1 6A 

t Ref.  27 
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Fig.  1. 


Fig.  2. 


Fig.  3. 


FIGURE  CAPTIONS 

Difference  in  emission  AN(E)  from  clean  surfaces  of  (a)  Cu(lOO),  (b) 
Ni(l  11),  (c)  Pdf  111)  and  (d)  PU  111)  for  both  hr  = 21.2  eV  (He  I)  and  hr  = 
40.8  eV  (He  11)  after  saturation  exposures  of  3x  10"h  Torr-sec.  (3L)  to  acetyl- 
ene or  a 6x  10‘6  Torr-sec.  (6L)  exposure  for  Pt(l  1 1),  all  with  the  samples  held 
at  T ~ 80K.  Indicated  in  each  panel  is  the  corresponding  workfunction  change 
as  well  as  a uniform  attenuation  of  the  d-bands  (short  dashed  lines)  and 
estimated  change  in  background  emission  (long  dashed  lines).  All  electron 
binding  energies  are  referred  to  the  Fermi  level.  In  panel  (a)  for  comparison 
we  show  the  ionization  levels  (hr  = 40.8  eV)  of  gaseous  acetylene  which  were 
obtained  with  a spectrometer  of  similar  resolution  and  geometry  (Ref.  18). 
The  small  vertical  lines  indicate  the  central  position  of  each  ionization  feature, 
i.e.  the  vertical  ionization  levels,  to  which  we  compare. 

Summary  of  the  u-orbital  derived  vertical  ionization  potentials  (I.P.)  of  gaseous 
acetylene  (Ref.  18,24)  relative  to  the  corresponding  ionization  levels  of  chemi- 
sorbed acetylene  which  are  shown  in  Fig.  1.  The  3og-derived  levels  are  aligned 
and  we  denote  the  separation  in  eV  between  pairs  of  levels.  The  2og-derived 
levels  for  acetylene  on  Ni,  Pd  and  Pt  are  less  certain  and  are  indicated  as  such 
by  the  dashed  lines. 

Difference  in  emission  from  clean  surfaces  of  (a)  Cu(l  II),  (b)  Ni(lll),  (c) 
Pd(lll)  and  (d)  Pt(lll)  for  hr  = 21 .2  eV  (He  I)  or  hr  = 40  8 eV  (He  II) 
after  saturation  exposure  of  6xl0'h  Torr-sec.  (hL)  to  ethylene  with  the  sam- 
ples held  at  T ~ SOK.  Indicated  in  each  panel  is  the  corresponding  workfunc- 
tion change  as  well  as  a uniform  attenuation  of  the  d-hands  (short  dashed 
lines)  and  estimated  change  in  background  emission  (long  dashed  lines)  All 


electron  binding  energies  are  referred  to  the  Fermi  level.  In  panel  (a)  for 


comparison  we  show  the  ionization  levels  of  gaseous  ethylene  (he  = 21.2  eV) 
which  was  obtained  with  a spectrometer  of  similar  resolution  and  geometry 
(Ref.  18).  The  small  vertical  lines  indicate  the  central  positions  of  each 
ionization  feature,  i.e.  the  vertical  ionization  levels,  to  which  we  compare. 
Summary  of  the  o-orbital  derived  vertical  ionization  potentials  ( I. P. ) of  gaseous 
ethylene  (Ref.  18,24)  relative  to  the  corresponding  ionization  levels  of  chemi- 
sorbed ethylene  which  are  shown  in  Fig.  2.  The  I big-derived  levels  are 
aligned  and  we  denote  the  separation  in  eV  between  pairs  of  levels. 

Comparison  of  gas  phase  vertical  ionization  potentials  in  eV  (top)  (Ref. 
18,24,25,26)  to  our  calculated  ground  state  energy  levels  in  Hartrees  (bottom) 
for  gas  phase  acetylene,  ethylene,  ethane  and  methane.  The  ionization  band 
from  ~ 13-15  eV  for  methane  is  associated  with  Jahn-Tellcr  distortions  in  the 
ion1261.  These  ground  state  levels  were  calculated  using  an  ab-initio  SCF 
LCAO  Hartree-Fock  method  (Ref.  23)  with  a 4-3  1G  basis.  The  principal  C 
2p  orbital  components  of  the  high  lying  valence  molecular  orbitals  are  shown 
where  the  x-direction  lies  along  the  CC  bond  direction.  The  bonding  character 
of  the  various  molecular  orbital^  for  acetylene  is  indicated. 

The  dependence  of  the  calculated  eigenvalues  of  acetylene  uron  geometric 
distortion.  The  equilibrium  geometry  is  shown  in  panel  (b)  while  panel  (a)  and 
(b)  show  the  effect  of  either  CC  bond  expansion  or  CCH  bond  angle  reduc- 
tion, respectively.  AE  represents  the  change  in  llartrcc-Fock  energy  upon 
distortion  from  the  gas  phase  geometry.  The  dashed  lines  in  panel  (b)  are  for 
CH  bond  distance  of  1.10A  while  those  in  panel  (a)  are  for  a CCH  bond  angle 
of  132°  and  a CC  bond  distance  of  I 41  A.  The  bonding  character  of  the  Itt, 
3<7g,  2ou  and  2<jg  molecular  orbitals  is  indicated. 


The  dependence  of  the  calculated  eigenvalues  of  ethylene  upon  geometric 
distortion.  The  eigenvalues  for  gas  phase  ethylene  is  shown  in  panel  (b)  for 
CH  bond  distances  of  l.loA  (solid  lines)  and  1 .07 A (dashed  lines).  The 
effects  of  CCH  bond  angle  reduction,  HCH  bond  angle  reduction  and  CC 
bond  expansion  are  shown  in  panel  (a),  (c)  and  (d)  respectively.  The  change 
in  Hartree-Fock  energy  AE  from  nearly  the  gas  phase  geometry,  i.e.  a CH 

o 

bond  distance  of  1.10A,  is  indicated  for  each  distortion.  The  bonding  charac- 
ter of  the  lb2g,  3ag,  lb3u,  2au  and  2ag  molecular  orbitals  is  indicated. 


_ 
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First,  we  can  compare  our  detatled  structural  results  for  acetylene  and  ethylene  on 
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SURFACE  REFLECTANCE  SPECTROSCOPY  AND  RELATED  STUDIES  OF 
SURFACE  OPTICAL  EXCITATIONS 
G.  W.  Rubloff  and  J.  L.  Freeouf 
IBM  T.  J.  Watson  Research  Center 
P.O.  Box  218,  Yorktown  Heights,  NY  10598 

I.  INTRODUCTION 

The  electronic  structure  of  a surface  involves  (1)  the  density  of  occupied  electron  states 
(and  wavefunctions),  for  which  a valuable  description  is  obtained  from  photoemission  spec- 
troscopy, and  (2)  the  fundamental  (optical)  excitations  of  these  occupied  states.  Initial 
experiments1  have  indicated  that  surface  reflectance  spectroscopy  may  provide  a useful 
measure  of  surface  optical  excitations. 

To  better  understand  the  characteristic  electronic  excitations  of  chemisorbed  molecules  on 
transition  metal  surfaces,  we  have  carried  out  studies  of  such  systems  using  surface  reflectance 
spectroscopy  (SRS)  and  also  photoelectron  yield  and  constant-initial-state  (CIS)  photoelectron 
spectroscopies.  The  purpose  of  this  work  has  been  to  identify  the  fundamental  intramolecular 
excitations  of  the  chemisorbed  molecule  and  possible  charge  transfer  excitations  between 
adsorbate  and  substrate  and  furthermore  to  assess  the  role  and  value  of  SRS  as  a source  of 
information  complementary  to  ultraviolet  photoemission  spectroscopy  (UPS).  We  present  here 
a preliminary  discussion  of  some  of  these  results. 
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II.  EXPERIMENTAL  TECHNIQUES 

SRS  measurements  have  been  carried  out  in  two  overlapping  spectral  ranges  using  iwo 
different  sets  of  experimental  apparatus.  In  the  photon  energy  range  1.5  < hu  < 10  eV, 
measurements  were  made  using  a new  system  constructed  at  IBM  expense  and  compatible  with 
the  ultrahigh  vacuum  surface  analysis  system  at  IBM,  which  includes  facilities  for  uv  photoem- 
ission, mass  spectroscopy,  electron  energy  loss.  Auger,  LEED,  and  flash  desorption  studies. 
This  SRS  optical  system  incorporates  a high-stability  double-beam/'chopper  technique  for 
near-normal  incidence  reflectance  measurements,  various  sources  and  detectors,  and  direct 
computer  interfacing.  It  achieves  a surface  sensitivity  comparable  to  previous  work1  but 
represents  two  very  significant  improvements:  (1)  SRS  data  are  obtained  in  the  vacuum 

ultraviolet  (VUV)  spectral  region  (hw  > 6 eV),  where  fundamental  optical  excitations  of  the 
adsorbed  molecule  are  expected;  and  (2)  by  measuring  the  full  reflectance  spectrum  for 
the  clean  and  then  the  adsorbate-covered  surface,  the  entire  SRS  spectrum  is  obtained  quickly, 
giving  a reduction  in  data  acquisition/analysis  time  of  ~ 10-100X  compared  to  previous 
point-by-point  (single  wavelength)  measurements1. 

SRS  measurements  with  this  system  have  been  made  for  chemisorbed  C6Hfc  on  Ni(lll), 
polycrvstalline  Pd,  and  polycrystalline  Pt;  for  condensed  CfcHh  (formed  at  77°K)  on  Ni(lll); 
for  chemisorbed  CO  on  Ni(  1 1 1 );  for  hydrogen  and  oxygen  chemisorbed  on  Ni(  1 1 1 );  and  for  a 
thermally-grown  oxide  on  Ni(  111).  The  polycrystalline  samples  were  evaporated  films  formed 
in  situ  by  direct  sublimation  from  a pure  metal  wire.  Measurements  were  carried  out  in 
ultrahigh  vacuum  (operating  pressures  ~ I x 1010  lorr). 

The  inherent  stability  of  the  synchrotron  radiation  from  an  electron  storage  ring  was 
utilized  to  extend  SRS  measurements  to  hu  ~ 40  eV  with  the  sensitivity  required  for  SRS 
Radiation  from  the  240  MeV  electron  storage  ring  at  the  University  of  Wisconsin  Synchrotron 
Radiation  Center  was  used  to  measure  chemisorption-induced  changes  in  the  optical  excitations 
of  the  surface,  using  a simple  monitor  of  the  incident  light  to  normalize  the  spectra  as  compcn- 

L.  * . . . 


Page  3 


sation  for  the  smooth  decay  of  the  electron  beam  current  and  corresponding  synchrotron 
radiation  intensity.  SRS  measurements  for  both  s-and  p-polarized  light  were  carried  out  for 
chemisorbed  CO  and  C6H6  on  Ni(lll).  In  a similar  way,  measurements  of  the  relative  change 
in  total  photoelectron  yield  were  made  for  the  same  systems.  Finally,  the  relative  change  in 
the  hoi-dependent  photoionization  cross-section  of  CO  orbitals  and  of  various  parts  of  the  Ni 
d-band  was  measured  for  the  CO/Ni( 111)  system. 

In  the  following  we  present  a summary  of  the  data  for  CO  and  C„H6  on  Ni(lll)  as 
examples  of  the  SRS  and  related  optical  spectra.  Since  details  of  stray  light  and  higher  order 
corrections  in  the  data  have  not  yet  been  sorted  out  and  analysis  of  the  results  is  not  complete, 
the  possible  physical  conclusions  suggested  here  should  be  considered  preliminary. 

III.  CO/Ni(  111) 

A.  SRS  Results 

Figure  1 shows  the  AR/R  spectrum  for  CO/Ni(I  I I ) as  measured  at  higher  energies  using 
synchrotron  radiation.  The  spectrum  for  s-polarized  light  (dots),  taken  at  near-normal 
incidence  using  the  yield  from  a Au  photodiode  for  detection,  shows  a peak  near  9 eV. 
Further  structure  for  s-polarized  light  includes  a valley  near  12  eV,  a shoulder  near  15  eV, 
and  a broad  peak  near  24  eV.  The  spectrum  for  p-polarized  light  using  the  same  kind  of 
detector  (triangles)  in  Fig.  1 displays  similar  features,  except  that  the  valley  near  12  eV  has 
filled  in  and  the  15  eV  shoulder  has  disappeared.  These  spectra  have  been  terminated  at 
~ 8.5  eV  since  at  lower  hu>  higher-order  contributions  from  the  grating  become  important. 
We  also  measured  the  same  p-polarized  spectrum  using  a sodium  salicylate  fluorescence 
detector,  for  which  higher-order  corrections  become  important  only  below  ~ 6 eV;  this 
spectrum,  shown  by  the  squares  in  Fig.  2.  disp.ays  a well-defined  peak  near  9 eV  as  indicated 


by  the  other  spectra  in  Fig.  1. 
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A method  to  analyze  the  AR/R  spectra  is  available  from  a generalization1  of  the  dielectric 
model  of  McIntyre  and  Aspnes2.  Feibelman5  has  shown  that  this  classical  dielectric  model 
provides  a useful  and  valid  approximation  to  the  complete  nonlocal  microscopic  dielectric 
response  at  a surface  for  experiments  using  s-polarized  light.  He  has  also  shown  that  the 
buildup  of  surface  charge  due  to  photon  A-vector  components  normal  to  the  surface  renders 
the  simple  classical  model  invalid  (at  least  in  principle)  for  the  case  of  p-poiarized  light,  but 
quantitative  estimates  of  the  errors  introduced  by  these  complications  are  not  presently 
available. 

We  have  carried  out  a preliminary  analysis  of  the  s-polarized  AR/R  spectra  for 
CO/Ni(lll)  using  the  classical  dielectric  model.  We  have  arbitrarily  assumed  a surface  layer 
thickness  of  2A  (which  enters  as  a simple  scale  factor)  and  have  used  the  optical  constants  of 
bulk  Ni  from  Vehse  and  Arakawa4  for  3.5  < hu>  < 22  eV  and  those  of  Moravec,  Rife,  and 
Dexter5  outside  this  range,  multiplicatively  scaled  to  smoothly  join  the  Vehse  and  Arakawa 

A 

data.  The  chemisorption-induced  change  in  surface  dielectric  function  A6  ’ = A^  ,*  + iA62‘ 
was  assumed  to  be  a sum  of  several  Lorentzian  oscillators,  parameters  of  which  were  adjusted 
to  obtain  a good  fit  of  the  calculated  AR/R  spectrum  to  the  experimental  data1,6.  A prelimi- 
nary fit  to  the  AR/R  (hw)  spectrum  is  shown  in  Fig.  2,  together  with  the  corresponding  At  2* 
spectra.  The  peaks  in  A€  2’  indicate  that  CO  chemisorption  on  Ni(  111)  produces  new  optical 
transitions  in  the  surface  region  near  8 and  13  eV,  with  a broad  band  of  additional  excitations 
centered  near  16  eV  extending  from  ~ 13  eV  to  ~ 19  eV. 

The  two  sharp  structures  in  A 2'  arc  located  at  nearly  the  same  energies  as  peaks  in  the 
electron  energy  loss  spectra  (-1m  l/£  ) of  Hinz7  on  vapor  and  solid  phase  CO,  which  are 
shown  in  Fig.  3.  However,  the  loss  spectra  show  no  features  corresponding  to  the  large 
oscillator  strength  in  the  broad  peak  near  16  eV  in  a€25  (Fig.  2).  An  energy  loss  peak  at 
13  eV  has  also  been  observed  for  CO  chemisorbed  on  Ni(l  10). 8 A final  determination  of  the 
energy  position  and  error  for  the  optical  structures  deduced  from  the  SRS  AR/R  data  must 


Page  5 


await  completion  of  this  analysis.  The  apparent  correspondence  of  the  sharp  A 2S  features  to 
the  vapor  and  solid  phase  CO  energy  loss  data  would  be  especially  intriguing  since  the 
excitation  near  8 eV  in  the  energy  loss  and  optical  spectra  of  vapor  and  solid  CO  is  a X 'S*-* 
A'ir  valence  excitation  from  the  occupied  5a  orbital  to  the  empty  2 ir*  orbital.  UPS  results 
indicate  that  the  binding  energy  of  the  least  tightly  bound  5o  orbital  of  CO  is  increased 
considerably  (1-3  eV)  relative  to  the  other  occupied  molecular  orbitals  upon  chemisorption  on 
transition  metals.9  The  lowest  empty  states  of  the  adsorbed  molecule  are  expected  to  play  as 
important  a role  in  the  energetics  of  chemisorption  as  that  of  the  highest-lying  filled  states  seen 
in  UPS10.  Thus  the  observation  of  the  behavior  of  the  empty  states  from  optical  excitations 
would  be  a significant  step  toward  a complete  understanding  of  chemisorption. 

B.  Total  Yield  Results 


Chemisorption-induced  changes  in  the  total  yield  spectrum  (total  number  of  photoelec- 
trons created  versus  photon  energy)  should  also  reveal  optical  excitations  of  the  surface  region 
here,  although  transitions  to  final  states  below  the  vacuum  level  can  contribute  only  if  they 
undergo  significant  nonradiative  decay  to  produce  other  hot  electrons  above  the  vacuum  level. 
The  relative  change  in  total  photoelectron  yield  caused  by  chemisorption  of  CO  on  Ni(l  1 1 ) is 
shown  in  Fig.  4 for  s-polarized  light  at  near-normal  incidence  (dots)  and  for  p-polarized  light 
at  50°  angle  of  incidence  (triangles).  The  spectra  shown  have  been  terminated  ~ 2 eV  above 
the  6.0  eV  photoelectric  threshold  for  CO/Ni(lll)  to  remove  the  range  of  low  total  yield 
where  higher-order  contributions  from  the  grating  are  a problem.  A peak  at  ~ 10  eV  appears 
clearly  for  s-polarized  incident  light  but  is  nearly  absent  for  p-polari/.ed  light.  Note  that  in  this 
geometry  the  latter  case  (photon  electric  field  in  the  plane  of  incidence)  the  photon  produces 
electric  field  components  both  normal  to  and  in  the  plane  of  the  surface,  whereas  only  in-plane 
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polarizations.  A shoulder  near  23  eV  is  also  present  in  both  cases.  The  sharp  increase  in  yield 
near  13  eV,  which  leads  to  the  peak  at  15  eV,  probably  represents  the  ionization  threshold  for 
the  5o  orbital  of  chemisorbed  CO;  this  orbital  lies  at  ~ 12.0  eV  binding  energy  for 
CO/Ni(lll),  and  the  characteristic  slow  turn-on  near  threshold  (~(E-E0)I/2)  may  shift  the 
peak  to  somewhat  higher  energy. 

C.  Photoionization  Cross-Section  Results 

We  have  also  measured  the  chemisorption-induced  change  in  the  photoionization  cross- 
section  as  a function  of  photon  energy  (i.e.  constant-initial-state  or  CIS  spectra)  for  various 
parts  of  the  Ni(3d)  band.  In  these  measurements  the  electron  energy  analyzer  (normally  used 
for  UPS)  is  operated  such  that  it  measures  electrons  having  kinetic  energies  which  are  in- 
creased with  the  incident  photon  energy,  so  that  the  emission  from  a fixed  initial  (occupied) 
state  is  measured  as  a function  of  photon  energy  (or  equivalently  of  photoelectron  kinetic 
energy).  Figures  5a  and  5b  show  respectively  the  results  for  s-  and  s,p-polarized  incident  light 
for  the  top  (dots),  middle  (triangles),  and  bottom  (squares)  of  the  d-bands,  plotted  as  a 
function  of  photoelectron  kinetic  energy  above  a zero  at  the  vacuum  level  (EVaC)  for  the 
CO-covered  surface. 

When  the  CIS  spectra  are  plotted  as  a function  of  photon  energy,  it  becomes  evident  that 
the  various  parts  of  the  d-band  are  not  preferentially  excited  at  common  hw  values.  Rather, 
when  plotted  as  a function  of  final  state  kinetic  energy  as  in  Fig  5,  it  appears  that  the 
photoionization  cross-section  of  the  d-bands  is  enhanced  for  particular  final  state  energies. 
Chemisorption-induced  excitations  to  states  ~ 5 eV  above  the  vacuum  level  (EVAC)  are  seen 
for  all  three  parts  of  the  d-band  and  for  both  polarization  cases  except  perhaps  that  of 
s-polarized  light  exciting  states  at  the  top  of  the  d-band.  Enhanced  emission  is  also  observed 
at  ~ 12  eV  above  EVAC  for  the  middle  and  bottom  of  the  d-bands  in  both  polarization  cases 
and  at  ~ 2 eV  above  EVAC  in  the  s-polarized  case  for  all  three  parts  of  the  d-band.  The  latter 
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final  state  structure  appears  as  an  edge  and  is  more  dramatically  illustrated  in  Fig.  7,  which 
displays  the  polarization-dependence  of  the  spectrum  for  each  part  of  the  d-band. 

The  CIS  spectra  in  Figs.  5 and  6 clearly  show  that  CO  chemisorption  causes  preferential 
excitation  of  d-band  electrons  to  particular  final  states,  which  may  be  either  substrate-  or 
adsorbate-derived  orbitals.  Furthermore,  excitation  to  final  states  ~ 2 eV  above  EVac  show  a 
polarization  dependence  (see  Fig.  6).  One  must  keep  in  mind  that  these  excitations  could  in 
principle  result  from  direct  non-radiative  recombination  of  other  photon-induced  excitations 
rather  than  from  direct  photon  absorption.  Finally,  differences  in  the  spectral  dependence  of 
the  CIS  spectra  in  Fig.  5 show  that  CO  chemisorption  affects  the  top  of  the  filled  d-band  in  a 
different  way  than  the  middle  or  bottom  regions  of  the  band.  This  represents  a new  kind  of 
demonstration  of  the  qualitative  difference  between  the  behavior  of  the  top  of  the  filled 
d-band  and  the  region  below.  In  the  past  the  preferentially  stronger  attenuation  of  the  d-band 
top  in  conventional  UPS  spectra  has  often  been  cited  as  evidence  for  the  difference;  this  effect 
is  given  simply  by  the  relative  magnitudes  of  the  cross-section  changes  for  the  various  parts  of 
the  d-band  (Fig.  6)  observed  at  a single  hu. 
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IV.  C6H6/Ni(  111) 


A.  SRS  Results 

The  optical  absorption/ reflection  and  the  electron  energy  loss  spectra  of  vapor,  liquid, 
and  solid  phase  benzene  (C6H6)  have  been  the  subject  of  considerable  previous  study.  As  an 
example,  the  absorption  spectra  of  Shiho12  are  shown  in  Fig.  7.  In  the  vapor  phase  significant 
singlet  absorption  begins  near  6 eV  with  'A  -*  'E]u  transitions  followed  by  a very  strong 
absorption  peak  near  7 eV  attributed  to  'A^  -•>  'B]u  excitations;  both  are  ir-»ir*  transitions. 
At  energies  above  ~ 9 eV  a complex  absorption,  not  yet  understood,  is  observed  and  likely 
includes  and  o-*a*  valence  excitations  along  with  sharp  Rydberg  structure,  as  seen  in 

Fig.  8 from  Koch  and  Otto.11  In  the  solid  phase  the  v-~v*  transitions  are  shifted  toward  lower 
energy  but  the  overall  shape  of  the  spectra  is  maintained. 

To  make  contact  with  the  optical  transitions  characteristic  of  condensed  phases  of  C6H6 
and  with  previous  UPS  results14,  we  measured  the  SRS  spectra  of  CfcH6  condensed  on  Ni(l  1 1) 
at  77K.  The  measured  AR/R  spectrum,  seen  in  Fig.  9 (triangles),  shows  a sharp  doublet 
valley  near  6 eV  and  a drop  near  8 eV  (stray  light  problems  are  significant  above  ~ 9 eV). 
A preliminary  lineshape  analysis  of  the  spectrum  (for  a surface  layer  thickness  d=10.  A) 
yields  a fit  to  AR/R  (dots)  and  a corresponding  A€  2*  spectrum  (squares)  consisting  of  a 
sharp  peak  at  ~ 6.3  eV,  a weaker  shoulder  on  its  low  energy  side  at  ~ 5.9  eV,  and  a 
broader,  weaker  peak  near  8.5  eV.  The  6.3  and  5.9  eV  structures  resemble  very  closely  the 
'A^-^'E^  and  ,A|ji-»lB|u  absorption  bands  of  solid  CftHh  observed  at  essentially  the  same 
energies12-15. 

The  AR/R  spectrum  for  a saturation  coverage  (~  1 monolayer)  of  chemisorbed  C,,Hh  on 
Ni(  1 1 1 ) at  30OK  is  shown  in  Fig.  10.  This  curve  was  constructed  by  shifting  the  spectrum  for 
the  H2  lamp  (above  ~ 4.5  eV)  vertically  to  match  that  from  the  Xe  lamp  source  at  lower  hu  . 
No  strong  structure  is  evident  below  8 eV,  except  perhaps  for  the  change  in  slope  near  3 eV. 
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The  AR/R  spectra  for  chemisorbed  C6H6/Ni(  1 1 1 ) at  300K  measured  using  synchrotron 
radiation  are  shown  in  Fig.  1 1 for  s-polarized  light  at  near-normal  incidence  (dots)  and  for 
p-polarized  light  at  ~ 50°  angle  of  incidence  using  the  Au  diode  (triangles)  and  sodium 
salicylate  (squares)  detectors.  The  gross  features  are  similar  to  those  for  CO/Ni(lll)-a  valley 
near  13-15  eV  and  a broad  peak  near  25  eV,  but  the  sharper  structures  which  appeared  near 
10  and  15  eV  for  chemisorbed  CO  are  not  present.  A rough  lineshape  analysis  of  the 
s-polarized  case  for  surface  layer  thickness  d=2  A is  shown  in  Fig.  12,  where  a fit  to  the 
overall  shape  of  the  AR/R  spectrum  yields  a broad  peak  in  A6  2S  centered  near  15  eV. 
Because  this  feature  is  similar  to  the  broad  structure  which  dominates  the  CO/Ni(l  1 1)  results, 
it  could  be  associated  with  changes  in  the  Ni  optical  response  near  the  surface  as  induced  by 
chemisorption  in  general. 

B.  Total  Yield  Results. 

The  relative  change  AY/Y  in  total  photoelectron  yield  caused  by  chemisorption  of  C6Hh 
on  Ni(lll)  at  300K  is  shown  in  Fig.  13  for  s-polarized  light  at  near-normal  incidence  (dots) 
and  for  p-polarized  light  at  ~ 50°  angle  of  incidence  (triangles).  he  spectra  for  both 
polarizations  show  a sharp  shoulder  at  ~ 13  eV  and  broader  features  near  19  and  34  eV. 
The  yield  near  9-12  eV  is  strongly  enhanced  by  chemisorption  for  s-polarized  light  but  not  for 
the  p-polarized  case.  These  spectra  are  totally  different  from  the  yield  spectra  observed  for 
CO/Ni(lll)  and  the  structures  seem  to  bear  some  correspondence  to  the  ionization  threshi  m 
of  the  orbitals  of  adsorbed  C6H6  seen  in  UPS.'4 

V.  Conclusions  , 

Although  the  analysis  of  the  SRS  and  related  yield  and  CIS 


present,  several  conclusions  of  physical  significance  seem  to  be 
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(1)  The  SRS  spectra  show  some  reasonably  sharp  features  in  the  vacuum  ultraviolet 
which  may  be  related  to  the  intramolecular  excitations  of  the  chemisorbed  mole- 
cule, (e.g.  the  8 and  13  eV  transitions  of  CO). 

(2)  The  SRS  spectra  show  structures  which  are  common  to  the  two  different  adsor- 
bates studied  and  may  be  related  to  chemisorption-induced  changes  in  the  surface 
optical  response  of  the  substrate. 

(3)  Correlations  between  SRS  and  yield  spectra  (e.g.  CO  SRS  structure  near 
13-15  eV  and  yield  peak  at  15  eV)  may  indicate  the  importance  of  photoionizing 
transitions  in  the  optical  response  of  the  chemisorbed  molecules;  the  correlation  of 
SRS  features  (e.g.  the  13  eV  CO  peak)  with  corresponding  gas  or  solid  phase 
molecular  spectra  which  involve  Rydberg  transitions  may  further  sugge-t  that 
some  remnant  of  Rydberg-like  excitations  persists  in  the  chemisorbed  phase. 

(4)  The  yield  and  CIS  spectra  display  well-defined  structures,  some  of  which  are 
polarization-dependent;  the  observed  polarization-dependence  may  help  identify 
the  excitations  by  the  approximate  selection  rules  for  dipole  transitions  of  oriented 
chemisorbed  molecules. 

(5)  Features  in  the  d-band  CIS  spectra  for  CO/Ni(lll)  define  particular  final  state 
energies  above  the  vacuum  level.  These  may  be  adsorbate  affinity  levels  filled  by 
charge-transfer  excitations  from  the  filled  Ni  d-bands,  which  would  be  the  result 
of  direct  photoabsorption  or  of  nonradiative  decay  of  intramolecular  excitations  of 
the  adsorbed  molecule  by  direct  recombination  (configuration  interaction). 

(6)  The  spectral  dependence  of  the  d-band  CIS  results  demonstrates  that  the  top  of 
the  filled  Ni  d-band  is  affected  differently  by  CO  chemisorption  than  the  rest  of 


the  filled  band. 
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Even  though  it  would  be  premature  to  make  any  final  assessment  of  the  value  of 
SRS  results,  it  is  possible  to  note  several  clear  conclusions  about  the  possibilities 
and  problems  of  the  technique: 

(1)  Continuously-scanned  SRS  spectra  with  sufficient  stability  to  observe  surface 
optical  transitions  can  be  obtained  rather  quickly  (~  1/2-1  hour)  either  with  the 
VUV  optical  system  at  IBM  or  with  synchrotron  radiation,  a 10-100X  increase  in 
speed  over  previous  techniques. 

(2)  Most  structures  observed  to  date  in  the  SRS  spectra  lie  in  the  VUV  region  above 
9-10  eV,  i.e.  that  accessible  in  practice  only  with  synchrotron  radiation. 

(3)  SRS  suffers  from  the  difficult  problems  of  stray  light  and  higher-order  contrib- 
utions which  plague  all  broad-range  optical  spectroscopies  i~  the  vacuum  ultraviol- 
et. 

(4)  Total  yield  and  CIS  photoelectron  spectroscopies  may  provide  a very  useful 
complement  to  SRS  to  aid  interpretation  and  identification  of  the  observed 
transitions. 
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FIGURE  CAPTIONS 


Fig.  1. 


Relative  reflectance  change  for  CO/Ni(lll)  at  300K  for  s-polarized  light  at 
near-normal  incidence  (dots,  Au  diode  detector);  and  p-polarized  light  at  50° 
angle  of  incidence  for  Au  diode  (triangles)  and  sodium  salicylate  (squares) 
detectors. 


Fig.  2.  Analysis  of  AR/R  data  for  CO/Ni(l  1 1).  Squares  = experimental  AR/R  (h«) 

spectrum  for  s-polarized  light  at  near-normal  incidence;  dots  » calculated 
AR/R  spectrum  obtained  as  a fit  to  experimental  data;  triangles  =*  corre- 
sponding model  a€  j\  the  chemisorption-induced  change  in  the  imaginary  part 
of  surface  dielectric  function. 

Fig.  3.  Electron  energy  loss  spectrum  of  solid  and  vapor  phase  CO  from  Ref.  7. 

Fig.  4.  Relative  change  in  total  yield  due  to  chemisorption  of  CO  on  Ni(l  1 1)  at  300K. 

Dots  = s-polarized  light  at  near-normal  incidence;  triangles  « p-polarized 
light  at  50°  angle  of  incidence. 


Fig.  5. 


Relative  change  in  Ni  3d-band  photoionization  cross-section  due  to  chemisorp- 
tion of  CO  on  Ni(lll)  at  300K,  plotted  as  a function  of  electron  final  state 
kinetic  energy  above  a zero  at  EVAC  for  (a)  s-polarized  light  and  (b)  a 
mixture  of  s-  and  p-polarized  light;  dots  =■  top,  triangles  ■=  middle,  squares  * 
bottom  of  d-band. 


Fig.  6.  Relative  change  in  Ni  3d-band  photoionization  cross-section  due  to  chemisorp- 

tion of  CO  on  Ni(lll)  at  300K.,  plotted  as  a function  of  electron  final  state 
kinetic  energy  above  a zero  at  EVAC  for  (a)  top,  (b)  middle,  and 
(c)  bottom  of  d-bands;  dots  » s-polarized  light;  triangles  — mixed  s-  and 
p-polarized  light. 
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Fig.  7.  Absorption  spectra  of  solid,  liquid,  and  vapor  phase  C4H4  from  Ref.  12. 

Fig.  8.  Reflectance  and  absorption  spectra  of  solid  and  vapor  phase  C4H4  from  Ref. 

13. 

Fig.  9 SRS  results  for  condensed  C4H4  (170  Langmuirs)  on  Ni(lll)  at  77K.  Trian- 

gles - experimental  AR/R  data;  dots  = calculated  fit  to  AR/R  spectrum; 
squares  = corresponding  model  A£  2‘,  the  change  in  the  imaginary  part  of  the 
surface  dielectric  function. 

Fig.  10  SRS  AR/R  spectrum  for  chemisorbed  C4H4  on  Ni(lll)  at  300K,  using 

s-polarized  light  at  near-normal  incidence.  Spectra  taken  with  different  light 
source/ detector  combinations  have  been  matched  at  ~ 4.5  eV. 

Fig.  11  SRS  AR/R  spectra  for  chemisorbed  C4H4  on  Ni(IlI)  at  300K  for  s-pofarized 

light  at  near-normal  incidence  (dots)  and  p-polarized  light  at  ~ 50°  angle  of 
incidence  for  Au  diode  (squares)  and  sodium  salicylare  (diamonds)  detectors. 

Fig.  12  Analysis  of  AR/R  data  for  C4H4/Ni(l  1 1).  Squares  =*  experimental  AR/R 

(hu)  spectrum;  dots  ■ calculated  AR/R  spectrum  obtained  as  a fit  to  experi- 
mental data;  triangles  ~ corresponding  model  a£  2’,  the  chemisorption- 
induced  change  in  the  imaginary  part  of  the  surface  dielectric  function. 

Fig.  13  Relative  change  AY/Y  in  total  yield  caused  by  chemisorption  of  C4H4  on 

Ni(lll)  at  300K  for  s-polarized  light  at  near-normal  incidence  (dots)  and 
p-polarized  light  at  ~ 50°  angle  of  incidence  (triangles). 
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THE  INTERACTION  OF  ACETYLENE  WITH  Ni(l  1 1),  CHEMISORBED 
OXYGEN  ON  Ni(lll),  AND  NiO(lll):  THE  FORMATION  OF  CH 
SPECIES  ON  CHEMICALLY  MODIFIED  Ni(lll)  SURFACES  * 

J.E.  Demuth 

IBM  Thomas  J.  Watson  Research  Center 
Yorktown  Heights,  New  York  10588 

ABSTRACT:  Ultraviolet  photoelectron  spectroscopy,  temperature  programmed  thermal 
desorption  and  low-energy  electron  diffraction  have  been  used  to  study  the  interaction  of 
acetylene  with  a clean  Ni(  111)  surface,  with  a Ni(l  1 1)  surface  having  co-adsorbed  oxygen  and 
with  an  epitaxially  grown  NiO(lll)  surface  produced  by  room  temperature  oxidation  of 
Ni(lll).  The  adsorption  of  a (2x2)  overlayer  of  ir-bonded  acetylene  or  oxygen  on  the 
Ni(lll)  surface  markedly  alters  the  subsequent  interaction  and  reaction  of  the  surface  with 
incident  acetylene.  We  find  that  in  the  presence  of  either  a (2x2)  overlayer  of  oxygen  or 
ir-bonded  acetylene,  a new  more  strongly  bound  acetylene-derived  phase  forms  at  room 
temperature.  We  identify  this  new  phase  from  its  ionization  levels  as  a CH  radical,  and  for 
saturation  coverages  we  find  approximately  twice  as  many  of  these  radicals  as  the  number  of 
ir-bonded  acetylene  molecules  in  the  (2x2)  structure.  Preadsorption  of  oxygen  limits  the 
adsorption  of  ir-bonded  acetylene  but  does  not  affect  the  formation  of  this  CH  species. 
Exposure  of  acetylene  to  NiO  at  room  temperature  produces  only  CH  species.  Based  upon 
these  results  we  propose  models  for  the  bonding  geometry  of  ir-bonded  acetylene  and  CH 
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species  on  the  Ni(lll)  surface.  The  conditions  for  the  formation  of  CH  species  and  the 
significance  of  CH  species  to  surface  reactions  on  Ni  are  also  discussed. 
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The  manner  by  which  hydrocarbon  molecules  bond  to  surfaces  and  react  with  the  surface 
to  form  new  species  or  reaction  products  is  of  importance  in  understanding  catalytic  processes 
on  surfaces.  Here  we  investigate  the  interaction  of  acetylene  with  various  types  of  chemically 
modified  Ni(lll)  surfaces  using  several  techniques  - ultraviolet  photoemission  spectroscopy 
(UPS),  temperature  programmed  thermal  desorption  (TPTD)  and  low-energy  electron  diffrac- 
tion (LEED).  Of  particular  relevance  to  this  s'udy  is  our  previous  UPS  study  on  the  adsorp- 
tion of  small  unsaturated  hydrocarbons  on  a clean  Ni(lll)  surface,  which  showed  that 
acetylene  is  ir-bonded  to  the  surface*1'  and  that  little  if  any  rehybridization  of  acetylene  occurs 
in  bonding*2'.  It  was  also  found  that  ir-bonded  acetylene  starts  to  decompose  upon  warming 
to  T ~ 400K  into  carbon  and  hydrogen  - the  latter  being  released  to  the  gas  phase.  In 
contrast  to  the  behavior  of  acetylene  on  Ni,  we  have  found  that  acetylene  on  Pd(lll)  and 
Pt(lll)  at  room  temperature  forms  a di-o  like  olefinic  surface  complex*3'.  This  latter 
rehybridized  specie  has  a higher  activation  barrier  to  decomposition  than  in  the  case  of 
ir-bonded  acetylene  on  Ni(l  11)  and  starts  to  decompose  to  carbon  and  hydrogen  at  T ~ 460K. 
Other  work  with  hydrocarbons  on  Cu*4',  Fe*4"5',  Ir(100)*6'  and  W(110)*7'  and  W(100)*8' 
has  also  shown  interesting  differences  in  bonding  from  that  on  Ni.  Such  variations  in  the 
chemical  state  of  acetylene  at  room  temperature  or  as  a function  of  temperature  on  different 
surfaces  reflect  differences  in  chemical  bonding  and/or  activation  barriers  that  allow  certain 
distortions  or  reactions  to  proceed  on  one  surface  but  not  on  another. 

Here  we  present  new  results  which  show  that  the  adsorption  and  reaction  of  acetylene  on 
a Ni(lll)  surface  is  dramatically  modified  by  the  presence  of  other  species.  Namely,  we  find 
that  chemical  modification  of  the  Ni(lll)  surface  by  the  presence  of  a (2x2)  overlaycr  of 
either  ir-bonded  acetylene  or  oxygen  changes  the  reaction  path  from  that  of  the  clean  surface 
so  as  to  allow  the  room  temperature  formation  of  a new  species  not  observed  on  the  clean 
surface.  We  identify  this  new  species  from  its  ionization  levels  and  conclude  that  it  is  a CH 
species.  We  also  find  that  only  CH  species  form  at  room  temperature  on  a NiO  surface. 
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Based  upon  these  results  we  propose  structural  models  for  the  locations  of  ir-bonded  acetylene 
on  the  clean  surface  and  of  the  CH  species  on  the  chemically  modified  surfaces. 

Experimental  procedure:  The  present  studies  were  performed  in  a turbomolecular  pumped 
UHV  system  whose  base  pressure  is  less  than  lxlO'10  Torr.  The  system  is  equipped  with  a 
d.c.  resonance  lamp  whose  operation  introduces  an  additional  He  partial  pressure  of  lx  10" 10 
Torr  and  a double  pass  cylindrical  mirror  (CMA)  electron  energy  analyser.  The  system  also 
contains  low  energy  electron  diffraction  (LEED)  facilities,  a UTI  quadrupole  mass  spectrome- 
ter and  an  auxiliary  electron  gun  for  Auger  electron  spectroscopy.  The  single  crystal  sample 
was  prepared  by  conventional  techniques*9’  and  mounted  on  a multiple  sample  holder  which 
permitted  the  sample  to  be  liquid  nitrogen  cooled  to  T ~ 78K.  or  resistively  heated  to  T ~ 
1600K  as  measured  with  a Chromel-Alumel  thermocouple  spot  welded  to  the  back  of  the 
crystal.  All  studies  presented  here  were  performed  at  room  temperature  or  above.  The  sample 
was  cleaned  by  mild  oxidation  treatments,  argon  ion  sputter-etching  and  subsequent 
annealing19’.  Surface  characterization  was  performed  by  LEED,  Auger  and  photoemission 
analyses.  Separate  gas  manifolds  and  leak  valves  were  used  for  oxygen  and  acetylene. 
Purified  Matheson  acetylene  (>  99.6%)  was  used  and  examined  for  other  impurities  mass 
spectroscopically.  In  particular,  the  acetylene  extraction  procedures  used  in  loading  the  gas 
manifold  provided  essentially  acetone  free  acetylene.  The  ratio  of  mass  43  to  mass  26,  the 
principal  mass  numbers  for  acetone  and  acetylene,  respectively,  was  1/750  for  ionizer  voltages 
which  produce  70V  electrons  and  15V  ions.  Temperature  programmed  thermal  desorption 
(TPTD)  was  performed  with  the  mass  spectrometer  in  line  of  sight  to  the  sample,  the  latter 
being  located  ~ 3"  away  from  the  ionizer  grids.  The  pressures  and  exposures  cited  here  are 
based  on  uncorrected  ion  gauge  readings.  The  actual  pressure  at  the  sample  may  have  been 
slightly  lower  since  the  sample  was  located  in  another  part  of  the  system  inside  a magnetic 


shield  for  the  CMA. 
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Energy  analysis  of  the  photoemitted  electrons  was  performed  with  a double  pass  cylindri- 
cal mirror  analyzer  (CM A)  operated  in  a fixed  pass  mode  so  as  to  have  a resolution  of  ~ .15 
eV  for  He  I and  ~ .25  cV  for  He  II  UPS  work.  These  two  photon  energies  provide  wider 
energy  windows  than  Nel  or  II  radiation  and  therefore  were  used  almost  exclusively.  The 
sample  could  be  rotated  with  its  normal  direction  in  the  plane  defined  by  the  axis  of  the  CMA 
and  the  photon  beam.  The  photon  beam  lies  73°  off  the  axis  and  the  CMA,  and  we  arbitrarily 
chose  the  sample  normal  to  be  20°  from  the  axis  of  the  CMA  into  the  photon  beam.  Work 
functions  and  their  changes  were  measured  using  the  low-energy  cutoffs  of  the  photoemission 
energy  distributions. 

Experimental  Results 

Our  photoemission  electron  energy  distributions  N(E)  with  hi>  = 40.8  eV  for  clean 
Ni(lll)  and  after  3xl0'6  and  6xl0'6  Torr-seconds  (3  and  6 Langmuirs,  L)  exposures  to 
acetylene  are  shown  in  Fig.  la.  In  Fig.  lb  we  show  the  difference  spectrum  AN(E)  between 
the  clean  and  chemisorbed  N(E)  spectra  for  the  3L  acetylene  exposure.  For  direct  comparison 
we  also  show  the  gas  phase  ionization  spectrum  for  acetylene  obtained  in  a gas  phase 
spectrometer1 10)  of  similar  resolution  and  geometry  as  used  in  our  measurements  and  shifted  so 
as  to  align  the  lower  lying  2au  and  3 crg  levels.  This  difference  spectrum  corresponds  to  that 
discussed  previously  as  ir-bonded  acetylene"*.  The  level  we  observe  at  ~ 1 5.8  eV  below  Ep 
has  not  been  observed  before.  Although  this  level  lies  near  the  onset  of  emission  from  the 
23.7  cV  resonance  line  of  Helium,  we  have  observed  it  in  several  spectra  taken  on  different 
occasions  when  the  intensity  of  this  23.7  eV  photon  excited  emission  has  varied  relative  to  that 
at  40.8  eV.  We  correlate  this  level  to  the  2 og  level  of  gaseous  acetylene. 

An  additional  3L  exposure  to  acetylene  produces  new  emission  which  we  show  by  the 
difference  curves  between  the  N(E)  spectra  for  the  3L  and  6L  exposure  in  Fig.  2c.  Here,  we 
observe  a broad  level  ~ 2 eV  wide  centered  at  8 eV  as  well  as  a ~ 1 eV  wide  level  at  15.2  eV 
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which  we  associate  with  a second  acetylene-derived  phase.  We  note  that  the  combination  of  a 
peak  of  unestablished  origin  near  6 eV  in  clean  Ni,  which  is  also  observed  in  X-ray  photoelec- 
tron spectroscopy*"*,  as  well  as  the  low  signal  intensity  at  = 40.8  eV  for  adsorbate  derived 

1 ' 

levels,  cast  some  uncertainty  in  precisely  determining  the  adsorbate-induced  peak  position  near 

8 eV.  We  also  find  stronger  preferential  d-band  attenuation  near  Ep  for  this  second 

acetylene-derived  phase  than  that  for  w-bonded  acetylene. 
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For  photon  energies  of  hv  = 21.2  eV  the  adsorbate  derived  levels  are  more  intense 
relative  to  the  d-band  and  secondary  background.  Thus,  in  Fig.  2a  we  show  the  AN(E) 
spectra  at  h»>  = 21.2  eV  for  a 1.5  L exposure  to  acetylene  as  well  as  the  corresponding  gaseous 
ionization  spectra  for  acetylene*10*  again  taken  under  similar  experimental  conditions.  The 
comparison  shown  in  Fig.  2a  is  similar  to  our  initial  work  at  he  = 21.2  eV  in  a retarding  field 
analyser  system*'*;  however,  we  note  a slightly  smaller  bonding  shift  of  ~ 1.2  eV  of  the 
ir-orbitals  than  the  1.5  eV  shift  observed  earlier.  Such  differences  likely  arise  from  uncertain- 
ties in  separating  the  w-orbital  derived  ionization  feature  from  other  chemisorption-induced 
changes  in  both  the  d-band  and  the  forementioned  Ni  structure  between  4-8  eV. 

With  an  additional  acetylene  exposure  of  1.5L  we  find  an  increase  in  the  amount  of 
chemisorbed  acetylene  as  shown  in  Fig.  2b  by  the  AN(E)  spectra  taken  between  1.5  and  3L 
exposures.  This  difference  spectra  almost  replicates  the  emission  pattern  shown  in  Fig.  la  but 
has  slightly  greater  emission  between  ~ 6-8  eV  below  Ep.  Further  exposure  to  3L  of  acetyl- 
ene shows  no  additional  rr-bonded  acetylene  and  instead  a broad  level  centered  about  7.3  eV 
below  Ep  similar  to  the  level  observed  for  h*  = 40.8  eV  characteristic  of  the  second  acetylene- 
derived  phase.  Although  the  7.3  eV  value  for  the  center  of  this  peak  might  be  considered 
more  reliable  than  that  determined  with  hi»  =»  40.8  eV,  the  possibility  of  two  frequency 
dependent  components  in  this  broad  peak  should  not  be  overlooked  and  we  shall  denote  the 
position  for  the  center  of  this  peak  as  7.3-8  eV  to  reflect  this  possibility. 
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Heating  the  sample  which  contains  only  ir-bonded  acetylene  to  450K  decomposes  this 
species  on  the  surface  and  leaves  chemisorbed  carbon  as  characterized  by  the  AN(E)  spectra  in 
Fig.  2d.  Clearly,  the  second  acetylene-derived  phase  can  be  readily  distinguished  from 
chemisorbed  carbon. 

In  examining  LEED  patterns,  we  find  that  for  a 3L  acetylene  exposure  a (2x2)  pattern 
occurs  which  has  diffuse  spots.  Upon  higher  exposures  of  ~ 5L  these  spots  tend  to  streak  and 
we  also  observe  a weak  1/2  order  diffraction  ring.  As  previously  noted*1*  the  electron  beam 
quickly  modifies  these  patterns  thereby  severly  limiting  LEED  observations  and  making 
detailed  observations  difficult.  Decomposition  to  carbon  by  heating  to  450K  gives  rise  to  a 
very  complex  diffraction  pattern  whose  spots  sharpen  up  with  subsequent  heating  to  650K. 

We  have  examined  the  desorption  products  formed  by  heating  the  sample,  i.e.,  tempera- 
ture programmed  thermal  desorption  (TPTD),  and  find  that  H2  is  the  only  significant  product. 
We  can  readily  distinguish  hydrogen  desorption  from  the  two  acetylene-derived  phases  which 
we  see  in  UPS.  For  acetylene  exposures  below  3L  one  desorption  feature  is  observed  with  a 
"peak"  at  ~ 413K  as  shown  in  Fig.  3a.  For  exposures  above  3L  we  observe  additional 
desorption  features  between  440K  to  670K  which  have  "peaks"  near  500K  and  620K. 
Warming  the  sample  which  has  both  acetylene-derived  phases  to  only  450K  leaves  some 
chemisorbed  carbon  and  the  second  phase  which  is  observed  in  UPS  to  be  the  combination  of 
Fig.  2d  and  2c.  (The  work  function  change  relative  to  the  clean  surface  after  a saturation 
exposure  and  such  a treatment  is  A <*>  = -0.7  cV).  Upon  additional  heating  to  690K  further 
hydrogen  desorption  occurs  leaving  more  carbon.  Clearly,  the  second  acetylene-derived  phase 
is  more  stable  than  ir-bonded  acetylene. 

The  occurrence  of  a broad  desorption  feature  for  this  second  phase  with  perhaps  two 
components  rather  than  one  well  defined  desorption  feature  may  be  the  result  of  interactions 
of  this  second  phase  with  the  carbon  formed  from  the  initial  decomposition  of  ir-bonded 
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acetylene.  This  carbon  may  reorganize  or  coalesce  as  the  temperature  is  increased  to  produce 
the  second  hydrogen  desorption  structure  above  ~ 550K.  Although  the  possibility  exists  that 
polymerization  of  some  of  this  second  acetylene-derived  phase  could  occur  with  increased 
temperature  to  form  a small  number  of  new  species  which  then  decompose  at  higher  tempera- 
tures, we  do  not  observe  any  new  phases  with  UPS  after  heating  to  500K.  For  saturation 
exposures  of  ~ 12L  the  ratios  of  areas  under  the  hydrogen  desorption  peaks  indicate  ~ 15% 
more  hydrogen  derived  from  the  second  phase  than  from  the  w-bonded  phase  of  acetylene. 
Thus,  knowledge  of  the  chemical  formulae  for  this  second  acetylene-derived  phase  will  allow 
us  to  determine  its  coverage  relative  to  that  for  ir-bonded  acetylene. 

In  coadsorption  studies  with  oxygen  on  Ni(lll)  we  observe  both  acetylene  phases  but 
find  a striking  reduction  in  the  amount  of  ir-bonded  acetylene  that  can  form  after  preadsorp- 
tion of  oxygen.  This  is  evident  in  both  our  TPTD  and  UPS  results.  In  Fig.  3b  we  show  the 
flash  desorption  results  for  a 6L  exposure  of  C2H2  to  a Ni(lll)  surface  predosed  with  oxygen 
to  give  A <t>  ~ 0.3  eV.  The  hydrogen  desorption  structure  characteristic  of  ir-bonded  acetylene 
is  shifted  up  by  15K  to  428K  and  has  markedly  less  hydrogen  than  would  occur  for  an 
equivalent  exposure  to  the  clean  surface.  The  desorption  characteristic  of  the  second 
acetylene-derived  phase  now  occurs  over  a wide  temperature  range  with  a single  maximum  at 
~ 520K  and  contains  approximately  the  same  amount  of  hydrogen  as  on  the  clean  surface. 
The  principal  desorption  product  upon  decomposition  is  mass  28,  CO,  which  shows  not  only  a 
maximum  desorption  at  600K  but  enhanced  CO  desorption  at  lower  temperatures  which 
coincides  with  the  formation  of  carbon  on  the  surface  from  the  decomposition  of  the  two 
acetylene-derived  phases. 

The  dependence  of  the  coverages  of  these  two  acetylene  phases  upon  preadsorption  of 
oxygen  has  been  obtained  using  UPS  and  is  shown  in  Fig.  4.  Here  we  show  the  trend  in  the 
intensity  of  the  ionization  feature  derived  from  the  3<rg  orbital  of  ir-bonded  acetylene 
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(indicated  by  the  triangles)  as  a function  of  the  work  function  change  A</>  of  chemisorbed 
oxygen.  We  have  not  calibrated  the  oxygen  coverages  but  we  know  that  the  (2x2)  oxygen 
overlayer  with  the  sharpest  diffraction  spots  and  the  largest  work  function  change  (A <t>  = 0.8 
eV)  corresponds  to  a 1/4  monolayer  coverage.  Although  chemisorbed  oxygen  reduces  the 
amount  of  the  ir-bonded  phase  of  acetylene  that  forms,  we  find  that  the  amount  of  the  second 
acetylene-derived  phase  (indicated  by  the  circles  in  Fig.  4)  which  forms  is  independent  of 
oxygen  coverage.  For  the  (2x2)  oxygen  overlayer  little  ir-bonded  acetylene  forms.  (The  work 
function  change  observed  upon  the  formation  of  the  second  acetylene-derived  phase  on  the 
(2x2)  oxygen  structure  is  A <t>  = -.6  eV). 

The  interaction  of  acetylene  with  the  oxidized  Ni(U  1)  surface  produces  a result  similar  to 
that  which  we  observe  on  the  Ni(lll)  surface  having  a (2x2)  oxygen  overlayer.  Namely,  the 
room  temperature  exposure  of  acetylene  to  the  Ni(lll)  surface  oxidized  either  at  room 
temperature  or  at  ~ 400K  produces  a chemisorbed  phase  that  appears  to  be  similar  to  the 
second  acetylene-derived  phase.  We  note  that  from  previous  oxidation  studies  on 
Ni( 1 1 1 )< 1 2-1 3)  ((  has  been  established  that  the  room  temperature  oxidation  of  Ni(lll)  allows 
the  epitaxial  growth  of  NiO  islands  having  the  (111)  surface  exposed  and  the  same  orientation 
as  the  substrate.  In  Fig.  5a  we  show  the  photoemission  spectra  N(E)  with  hr  = 40.8  eV  for 
the  oxide  (solid  line)  and  after  a 3L  ^Aposure  to  acetylene  (dashed  line).  Correcting  for  0.3 
eV  band  bending,  we  observe  new  ionization  levels  at  10.1  and  16.2  eV  below  EF  of  the  clean 
oxide  as  shown  in  the  AN(E)  spectra  in  Fig.  5b  and  c.  These  levels  are  of  similar  width  and 
relative  intensity  to  those  observed  for  the  second  acetylene-derived  phase  on  Ni(lll)  but 
shifted  2.1  and  1.0  eV,  respectively,  from  the  former  toward  larger  binding  energies.  A shift 
in  the  levels  of  this  phase  to  larger  binding  energies  on  the  oxide  relative  to  the  metal  is 
expected  on  the  basis  of  differences  in  the  screening  and  relaxation  effects  observed  for  other 
absorbed  species  on  oxides*,4\  For  example,  we  observe  that  the  o-levels  of  acetylene 


adsorbed  on  oxidized  Ni  at  T ~ 100K  are  shifted  1.7  eV  below  those  found  on  clean  Ni. 
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From  these  similarities  we  believe  that  the  acetylene-derived  species  formed  on  the  oxide  is 
chemically  similar  to  the  second  acetylene-derived  phase  which  occurs  on  the  chemically 
modified  Ni(lll)  surfaces.  We  note  that  in  the  valence  band  region  of  the  oxide,  the  peak  at 
~ 1.5  eV  below  Ep,  which  is  attributed  to  emission  from  Ni+2(d8)  like  states  of  the  oxide* l5), 
is  most  strongly  attenuated  upon  adsorption  while  smaller  changes  occur  in  the  oxide  p-band 
region  4-8  eV  below  Ep.  Finally,  although  one  would  like  to  relate  relative  photoemission 
level  intensities  of  this  phase  on  the  oxide  to  that  on  the  metal  surface  to  establish  relative 
coverages,  we  cannot  do  so  since  the  optical  response  of  oxide  and  metal  surfaces  are  marked- 
ly different  and  will  likely  modify  optical  matrix  elements  for  photoionization. 

The  Chemical  Nature  of  the  Second  Acetylene-Derived  Phase 

It  is  clear  that  in  addition  to  the  formation  of  ir-bonded  acetylene  on  Ni(lll),  a 
second  acetylene-derived  phase  forms  on  Ni(lll)  after  the  completion  of  a (2x2)  acetylene 
overlayer.  This  same  phase  appears  to  form  directly  on  either  a (2x2)  oxygen  overlayer  on 
Ni(lll)  or  on  a NiO(l  1 1)  surface.  In  each  case  this  second  acetylene-derived  phase 
decreases  the  work  function  of  the  surface  indicative  of  a polarization  of  the  adsorbate 
electrons  toward  the  surface,  i.e.,  charge  transfer  to  the  surface  atoms.  Based  upon  our 
photoemission  observations  and  a consideration  of  the  energy  levels  of  chemisorbed  hydrocar- 
bons and  those  expected  for  a variety  of  possible  radicals  derived  from  acetylene,  we  can 
conclude  that  the  second  acetylene-derived  phase  is  a CH  species. 

This  identification  is  as  follows  and  largely  depends  on  our  ability  to  observe  the  lower 
lying  ionization  levels  derived  from  atomic  C 2s  orbitals  with  h?  * 40.8  eV.  Here  the  ~ 7.5 
eV  separation  between  the  two  principle  levels  observed  for  this  new  phase  on  Ni(lll),  as 
well  as  the  fact  that  the  lowest  level  lies  well  below  the  acc  - valence  orbitals  of  chemi- 
sorbed C2  hydrocarbons  on  Ni,  precludes  any  assignment  of  these  levels  in  terms  of  species 
having  two  or  more  carbon  atoms.  This  arises  since  the  bonding-antibonding  combination  of 
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C 2s  atomic  orbitals  have  splitting  of  ~ 3-5  cV  in  C2  hydrocarbons* l or  open  chain 
alkanes  the  corresponding  splitting  would  be  larger  but  would  also  contain  non-bonding  or 
other  bonding-antibonding  combinations  of  pairs  of  C 2s  atomic  orbitals.*17*  Further,  the 
lowest  lying  ionization  feature  at  15.2  eV  on  Ni(lll)  (or  at  16.2  eV  on  NiO)  is  too  low 

1 

relative  to  the  next  higher  lying  ionization  feature  to  correlate  to  an  ionization  from  an 
antibonding  combination  of  C 2s  orbitals  even  considering  possible  differences  in 
screening/relaxation  shifts  for  a chemisorbed  specie.  Thus,  such  considerations  suggest  that 
this  molecular  species  likely  has  only  one  carbon  atom  and  that  the  weak  level  at  15.2  eV  on 
the  metal  (16.2  eV  on  the  oxide)  is  derived  from  a single  C 2s  atomic  orbital. 


In  considering  the  nature  of  this  second  phase  on  Ni(Ill),  we  find  it  significant  that  the 
locations  of  the  15.2  and  7.3-8  eV  levels  for  this  second  acetylene  derived  phase  are  similar  to 
the  relative  levels  observed  for  gaseous  methane.  The  gas  phase  ionization  levels  for  methane 
and  acetylene  are  shown  in  Fig.  6a  while  in  Fig.  6b  we  show  the  corresponding  ground  state 
molecular  orbital  energies  calculated  with  an  ab-initio  SCF  LCAO  method  *,R)  using  a 4-31G 
basis  set.  The  similarities  in  the  trend  in  relative  locations  of  ionization  levels  and  eigenvalues 
shown  in  Fig.  6 is  typical  of  the  trends  we  have  observed  for  a large  variety  of  small  mole- 
cules. We  also  indicate  in  Fig.  6a  by  the  dashed  lines  the  location  of  the  ionization  levels  of 

gaseous  acetylene  and,thusjto 

the  second  acetylene-derived  species  relative  lo^chemisorbed  acetylene  since  the  n-levels  of 
chemisorbed  acetylene  are  nearly  uniformly  shifted  upon  chemisorption.  In  Fig.  6b  we 
similarly  compare  the  energy  levels  of  Cl  I species  on  Ni(lll)  calculated  by  Anderson*21* 
which  we  shall  discuss  in  more  detail  later.  We  note  a close  similarity  between  the  relative 
I. P.’s  of  methane  and  our  new  phase;  however,  the  similarity  in  the  width  of  the  7.3-8  eV  level 
of  the  observed  width  or  shape  of  the  highest  lying  ionization  level  in  methane  may  be  largely 


fortuitous  as  the  latter  is  believed  to  be  a result  of  Jahn-Tcllcr  distortions  in  the  ion.*19'20’ 
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We  have  used  molecular  orbital  calculations  to  examine  the  energy  levels  of  likely  free 
radicals  and,  in  particular,  how  methane's  energy  levels  are  modified  upon  ligand  substitutions 
- i.e.,  to  stimulate  a surface  compound.  For  XjCH  or  X2CH2  species  where  X — H,  Li  or  Be, 
we  find  that  the  triply  degenerate  3 og  orbital  of  methane  splits  into  three  non-degenerate  levels 
for  X2CH2  or  two  non-degenerate  levels  for  XjCH  species.  The  magnitude  of  this  splitting 
appears  to  be  related  to  the  ligand's  electronegativity  and  the  location  of  energy  levels  of  the 
ligand  relative  to  those  of  hydrogen  and  carbon.  For  either  XjCH  or  X2CH2  species  the 
location  of  the  C 2s  orbital  relative  to  the  lower  of  the  orbitals  derived  from  the  3 orbital  of 
methane  remains  similar  to  that  in  methane.  Thus,  the  energy  levels  of  a CH2  or  CH  radical 
coordinated  to  two  or  three  Ni  atoms,  respectively,  are  consistent  with  our  experimental 
results.  Our  UPS  results  show  no  free  carbon  when  the  second  acetylene-derived  phase  forms 
and  suggests  that  only  CH  species  exist. 

As  previously  mentioned,  Anderson  has  calculated  the  eigenvalues  and  total  energies  for 
CH  fragments  bonded  to  a cluster  of  Ni  atoms  representing  a (111)  surface  with  an  extended 
Htickel  approach*211.  He  finds  the  three-fold  hollow  bonding  sites  to  be  preferred  for  these 
species.  In  comparing  Anderson’s  calculated  eigenvalues  for  this  species  on  Ni  to  our  experi- 
mentally observed  levels,  we  examine  the  locations  of  Anderson’s  calculated  molecular  orbitals 
for  CH  radicals  on  Ni  relative  to  those  calculated  for  chemisorbed  acetylene  on  Ni.  Such 
relative  level  positions  are  of  more  significance  than  absolute  level  positions  due  to,  for 
example,  uncertainties  and  approximations  within  the  calculation  as  well  as  the  neglect  of 
relaxation  effects,  etc.  In  Anderson’s  calculations  the  C 2s  orbital  of  the  CH  species  lies  ~ 2 
eV  above  the  2au  orbital  of  chemisorbed  acetylene  while  two  higher  lying  states  are  ~ 1.5  and 
~ 3.5  eV  above  the  3og  orbital  of  chemisorbed  acetylene  - the  latter  tending  to  form  a band 
when  several  CH  radicals  occur  on  the  surface*21*.  For  convenience,  we  have  shown  these 
predicted  levels  in  Fig.  6b  relative  to  our  own  molecular  orbital  calculations  for  acetylene  and 
methane.  In  view  of  the  uncertainties  in  these  calculations  and  comparisons  (such  as,  for 
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example,  the  neglect  of  possible  differences  in  screening  and  relaxation  effects),  the  similarity 
of  the  relative  ionization  levels  of  acetylene  and  the  new  phase  with  the  eigenvalues  for 
acetylene  and  a CH  surface  species  are  notable  and  confirm  our  previous  expectations. 

Another  acetylene  species  has  been  suggested  from  infrared  work  on  Ni  oxide  (22)  which 
we  have  also  examined  more  carefully  in  our  molecular  orbital  calculations  and  briefly  mention 
here.  These  are  CCH  alkyne  species  which  can  be  related  to  complexes  of  the  type:  X-C  = 
C-H  and  X3-C  = C-H  where  X=H,  Li  or  Be.  For  these  complexes  our  calculations  show  that 
the  bonding-antibonding  splitting  of  the  C 2s  derived  molecular  orbitals  is  similar  to  that  found 
for  acetylene.  Also,  the  separation  between  the  antibonding  C 2s  molecular  orbitals  and  the 
next  highest  lying  a-orbital,  although  larger  than  in  the  case  of  acetylene,  is  not  larger  enough 
to  account  for  that  observed  in  our  second  acetylene-derived  phase.  We  also  find  little 
correspondence  between  the  relative  eigenvalues  of  other  radicals  species  such  as  CC  or  CCH2 
and  the  ionization  levels  observed  for  the  second  acetylene-derived  phase.  Thus,  we  conclude 
that  the  observed  ionization  levels  for  the  second  acetylene-derived  phase  on  Ni(lll)  can  be 
only  well  accounted  for  by  the  presence  of  a CH  surface  species. 


The  Surface  Geometry  of  Acetylene  and  CH  Radicals  on  Ni( 111) 

On  the  basis  of  the  LEED  patterns  for  acetylene  adsorption  on  Ni(lll),  our  TPTD 
i 

results,  the  sequential  formation  of  acetylene  phases  on  both  Ni(lll)  and  the  (2x2)  oxygen 
overlayer  on  Ni(lll),  as  well  as  the  known  bonding  site  for  chemisorbed  oxygen  on  Ni(lll), 
we  propose  an  idealized  structural  model  for  the  arrangement  and  bonding  of  acet>lenc  and 
CH  radicals  to  Ni.  Since  chemisorbed  oxygen  occupies  the  three-fold  hollow  site  on 
Ni(  111  )<23>  and  blocks  the  formation  of  ir-bonded  acetylene,  the  bonding  of  acetylene  likely 
involves  the  three-fold  hollow  site.  Such  a site  is  consistent  with  a recent  LEED  intensity 
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analysis  for  the  (2x2)  acetylene  structure  on  Pt(  1 1 1)(24)  which  favors  two  bonding  orientations 
- both  involving  the  three-fold  hollow  sites.  The  first  location  which  is  of  higher  symmetry 
places  acetylene  straddled  across  both  threefold  hollow  sites.  In  the  second  location  the 
molecule  resides  over  a single  three-fold  hollow  site  and  is  rotated  90°  in  the  plane  of  the 
surface  from  the  first  orientation.  A recent  extcndcd-Hlickcl  calculation  by  Anderson*25*  for 
one  acetylene  molecule  on  4,5  and  13  Ni  atom  clusters  suggests  the  second  location  preferred 
over  yet  another  location,  the  di-o  (bridging)  location,  but  the  first  bonding  location  was  not 
considered. 

On  the  basis  of  simple  steric  considerations  for  a (2x2)  acetylene  overlayer  on  Ni  we  can 
discriminate  between  the  various  proposed  bonding  geometries  of  acetylene  on  Ni(lll).  First, 
the  Van  der  Waals  radii  for  gaseous  acetylene  constructed  in  an  analogous  fashion  as  by 
Gland*26*  for  other  hydrocarbons,  indicates  that  due  to  the  anistropy  of  the  unit  cell  of  the 
Ni(lll)  surface  only  the  first  bonding  orientation  is  allowed  as  the  second  and  the  di-a 
orientation  would  produce  an  0.8  A overlap  in  the  Van  der  Waals  radii  at  the  hydrogen  ends 
of  the  molecule.  Since  little  rehybridization  occurs  in  acetylene  bonding  to  Ni*2*,  we  doubt 
that  the  second  orientation  or  di-o  orientation  could  occur.  Also,  although  the  w-levels  for 
chemisorbed  unsaturated  hydrocarbons  are  broad*1*,  we  see  no  evidence  of  a splitting  in  the  ir2 
orbitals  of  acetylene  likely  to  be  more  characteristic  of  a lower  symmetry  bonding  location. 
Thus,  such  arguments  favor  the  first,  high  symmetry  location  of  acetylene  straddling  the  two 
three  fold  hollow  sites  as  shown  in  Fig.  7 by  the  horizontal  lines.  We  note  that  the  steric 
arguments  used  for  selecting  the  geometry  of  acetylene  on  N i(  1 1 1)  cannot  be  used  a priori  to 
preclude  any  of  the  three  proposed  bond  sites  for  acetylene  on  Pd(lll)  or  Pt(Ill)  since  at 
room  temperature  acetylene  is  strongly  rehybridized  on  these  surfaces.*3* 

In  considering  the  formation  of  CH  fragments  on  Ni(lll)  from  acetylene,  we  must 
consider  the  possible  role  of  surface  defects  since  it  has  been  shown  by  Blakely  and 
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Somorjai127'  that  C-C  bond  scission  in  cyclic  organic  molecules  occurs  on  kink  sites  of  stepped 

Pt  surfaces.  (We  have  found  that  acetylene  chemisorbed  on  Ni(llO)  at  T ~ 80K  undergoes 

C-C  bond  breaking  to  form  CM  species  upon  warming  to  T > 200K128'.  Such  a behavior  is 
the  atoms  along 

not  unexpected  as^thc  <100>  rows  of  the  (1  10)  surface  arc  geometrically  similar  to  the  atoms 
at  step  edges  and  kinks  that  exist  on  the  vicinal  (755)  or  (976)  surfaces^  However,  LEED 
patterns  of  clean  Ni(lll)  show  no  indication  of  periodic  step  or  strong  diffuse  elastic  back- 
ground which  would  be  characteristic  of  a large  numbers  of  surface  defects.  Further,  since 
significant  amounts  (~  1/2  monolayer)  of  CH  species  form  after  the  ir-bonded  phase  at  room 
temperature  and  low  exposures,  we  do  not  believe  that  the  majority  of  C-C  bond  breaking 
found  here  occurs  at  surface  defects.  We  thus  consider  a different  mechanism  for  C-C  bond 
breaking. 

We  believe  that  the  presence  of  adsorbed  species  on  the  surface  is  responsible  for  C-C 
bond  breaking:  these  adsorbed  species  have  likely  changed  an  activation  barrier  to  C-C  bond 
scission  so  as  to  allow  formation  of  CH  species  from  additional  acetylene.  The  interaction  of 
additional  acetylene  with  ir-bondcd  acetylene  alone  would  not  likely  provide  the  energy 
required  for  C-C  bond  scission.  We  thus  postulate  that  after  acetylene  initially  forms  a (2x2) 
overlayer,  additional  impinging  acetylene  molecules  fragment  upon  access  to  regions  of  the 
chemically  modified  substrate  adjacent  to  ir-bonded  acetylene  but  not  covered  by  ir-bondcd 
acetylene.  The  center  of  each  (2x2)  cell  of  ir-bonded  acetylene  marked  by  xX  in  Fig.  7 
provides  such  an  accessible  region  of  exposed  Ni  atoms  for  an  impinging  acetylene  molecule 
which  would  also  appear  to  be  favorable  for  interacting  with  Ni  substrate  atoms  since  it  is 
similar  to  the  bonding  site  for  ir-bonded  acetylene.  Here  the  incident  molecule  might  fragment 
into  CH  species  which  then  bond  to  three  Ni  atoms  in  each  of  the  three-fold  hollow  sites  (x,X) 
- the  same  bonding  site  as  suggested  by  Anderson121'.  This  gives  rise  to  twice  as  many  CH 
species  per  (2x2)  cell  as  ir-bonded  acetylenes  - consistent  with  our  hydrogen  TPTD  measure- 
ments. Additional  CH  fragments  likely  form  not  only  at  crystalline  defects  but  also  at  the 
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terminal  edges  and  imperfections  of  the  (2x2)  w-bonded  acetylene  structure.  Other  locations 
at  the  sides  of  the  (2x2)  ir-bonded  acetylene  cell  (indicated  by  •)  would  be  sterically  inaccessi- 
ble to  impinging  acetylene  but  may  become  available  if  w-bonded  acetylene  molecules  can 
disorder  during  their  interaction  with  impinging  molecules.  In  fact,  the  disorder  in  the  LEED 
pattern  upon  formation  of  CH  species  supports  this  latter  possibility. 


The  determination  of  the  bonding  sites  for  CH  species  on  the  (2x2)  oxygen  covered 
surface  is  less  certain  due  to  a lack  of  insight  as  to  the  interaction  of  oxygen  with  acetylene. 
Also,  we  might  expect  differences  in  the  mechanism  of  C-C  bonds  breaking  associated  with 
the  chemical  differences  of  chemisorbed  oxygen  versus  rr-bonded  acetylene.  Due  to  a lack  of 
other  knowledge,  we  use  the  same  assumptions  as  used  previously  for  the  case  of  (2x2) 
acetylene  on  Ni(lll)  and  find  these  consistent  with  our  results.  Again,  impinging  acetylene 
molecules  could  most  easily  access  three  regions  of  the  (2x2)  oxygen  on  Ni(lll)  cell,  one 
being  the  same  as  previously  (x,X)  and  the  other  two  being  near  the  sides  of  this  (2x2)  cell. 
These  latter  sites  correspond  to  positions  marked  by  (X,«)  in  Fig.  7.  Access  of  acetylene  to 
any  one  of  these  sites  and  decomposition  to  CH  fragments,  which  then  bond  to  the  three 
neighboring  Ni  atoms  as  before,  may  preclude  access  to  the  other  two  sites.  In  this  manner 
the  same  amount  of  CH  species  would  form  on  the  (2x2)  oxygen  covered  surface  as  on  the 
(2x2)  w-bonded  acetylene  covered  surface.  Irregularities  in  the  (2x2)  oxygen  structure  likely 
permit  ir-bonding  of  some  impinging  acetylene. 

The  bonding  geometry  of  CH  species  to  the  NiO  surface  is  unclear  due  to  several 
questions  regarding  the  surface  geometry  and  perfection  of  our  epitaxially  grown  NiO(lll) 
surface.  Nickel  oxide  consists  of  two  interpenetrating  F.C.C.  lattices  to  give  the  rocksalt 
structure  with  each  lattice  expanded  by  18.4%  from  Ni<29'.  Along  the  <lll>  direction  NiO 
consists  of  alternating  hexagonal  layers  of  Ni  or  O - the  surface  terminating  in  either  O or  Ni. 
It  is  not  known  whether  our  NiO(l  1 1)  surface  consists  of  islands  of  terminal  O or  Ni  layers,  a 
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single  terminal  oxygen  layer,  a lower  density  layer  of  chemisorbed  oxygen,  or  a single  layer  of 
Ni  metal  atoms.  For  all  these  surface  oxide  terminations  but  that  having  a complete  oxygen 
layer,  Ni  atoms  would  be  present  in  an  arragement  similar  to  the  (111)  surface  to  allow  a 
similar  bonding  geometry  of  CH  radicals  as  on  the  oxygen  or  acetylene  covered  Ni(lll) 
surfaces.  It  is  further  possible  that  the  epitaxial  oxide  formed  may  contain  numerous  defects 
which  may  also  influence  the  fragmentation  of  acetylene. 

Adsorbate-Induced  Alterations  in  Surface  Reaction  Paths 

A notable  feature  of  our  results  is  the  ability  of  the  chemically  modified  Ni(l  11)  surface 
to  permit  C-C  bond  breaking  which  did  not  occur  on  the  clean  Ni(lll)  surface.  This  may 
arise  for  the  same  reasons  as  proposed  for  C-C  bond  breaking  on  stepped  surfaces/’7*  and  we 
briefly  mention  these  here.  Recent  calculations  of  the  electronic  structure  of  stepped  surfaces 
indicate  a local  potential  at  the  step  that  is  sizeably  different  from  that  on  the  flat  surface. 
This  potential  can  cause  strong  field  gradients  and  may  affect  d-wavefunctions.  at  those 
steps*30,31*.  Although  theoretical  calculations*32'34*  show  promise  to  understand  changes  in 
d-wavefunctions  at  steps  no  rigorous  self-consistent  calculations  have  been  done  for  real 
surfaces  and,  more  importantly,  how  such  wavefunction  changes  might  affect  C-C  bond 
breaking.  It  has  also  been  suggested  that  the  strong  field  gradients  at  steps  could  help  polarize 
valence  bonds  within  the  molecule  to  help  break  C-C  or  C-H  bonds.*35* 

In  considering  the  chemically  modified  surface  it  becomes  clear  from  the  observed 
magnitudes  of  the  work  function  changes  that  preadsorbed  oxygen  or  w-bonded  acetylene 
produce  strong  field  gradients  and  variations  in  the  local  potential  on  the  surface.  Further,  due 
to  the  interaction  of  these  adsorbates  with  the  surface  atoms,  modifications  are  also  likely  to 


occur  in  d-wavefunctions  of  adjacent  Ni  surface  atoms.  Thus,  similar  conditions  may  occur  on 
the  chemically  modified  surface  as  on  the  stepped  surface.  Unfortunately,  we  cannot  discrimi- 
nate which  of  these  two  physical  factors  is  primarily  responsible  for  C-C  bond  breaking  on 
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these  chemically  modified  surfaces.  Again,  for  acetylene  on  NiO,  C-C  bond  scission  may 
occur  also  as  a result  of  either  local  field  gradients  or  the  Ni+2  (d8)  d-wavefunctions  of  the 
oxide. 

Summary  and  Implications: 

Acetylene  exposure  to  a clean  Ni(lll)  surface  produces  a second  acetylene-derived  phase 
after  an  initial  (2x2)  overlayer  of  ir-bonded  acetylene  forms.  The  ionization  levels  found  for 
this  new  phase  are  consistant  with  the  orbital  energies  for  CH  species  on  Ni.  From  calibration 
of  the  amount  of  hydrogen  desorbed  from  the  CH  species  relative  to  that  for  (2x2)  ir-bonded 
acetylene,  we  determine  that  approximately  twice  the  number  of  CH  species  exist  relative  to 
the  ir-bonded  acetylene  species  both  at  saturation  coverages.  The  amount  of  ir-bonded 
acetylene  formed  is  also  inversely  proportional  to  the  amount  of  preadsorbed  oxygen  on 
Ni(lll)  where  the  (2x2)  oxygen  overlayer  nearly  completely  inhibits  chemisorption  of 
ir-bonded  acetylene.  On  the  other  hand,  the  presence  of  preadsorbed  oxygen  does  not  affect 
the  number  of  CH  species  which  can  form.  Based  on  these  facts  we  postulate  an  idealized 
geometric  model  for  the  arrangement  of  ir-bonded  acetylene  and  CH  fragments  on  these 
surfaces.  We  also  find  that  exposure  of  a NiO(lll)  surface  to  acetylene  at  room  temperature 
forms  only  CH  species.  Such  a specie  has  not  been  observed  in  previous  IR  studies  on  NiO(27’ 
- possibly  due  to  differences  in  adsorption  and  surface  conditions. 

The  result  that  we  observe  and  can  identify  surface  stabilized  CH  radicals  may  be  of 
significance  for  understanding  catalytic  reactions  on  Ni  and  their  oxides.  In  particular,  this 
radical  may  be  important  in  several  catalytic  processes;  for  example,  for  chain  growth  in 
polymers  or  in  Fischer-Tropsch  synthesis,  as  an  intermediate  in  hydrogenolysis  and  melhana- 
tion  reactions,  or  in  the  oxidation  of  hydrocarbons.  For  the  latter  case  it  is  believed  that 
surface  hydrocarbon  radicals  can  interact  with  adsorbed  oxygen  to  form  an  intermediate 
surface  complex  which  decomposes  to  the  oxidation  products*36’. 
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These  results  are  also  interesting  in  that  a different  reaction  path  occurs  for  acetylene 
incident  on  the  Ni(lU)  surface  covered  with  a (2x2)  overlayer  of  oxygen  or  ir-bonded 
acetylene  than  on  the  clean  surface.  That  is,  fragmentation  of  acetylene  to  CH  does  not  occur 
on  the  clean  (111)  surface  at  room  temperature  or  after  healing  but  does  occur  on  the 
chemically  modified  surface.  This  ability  of  tfie  chemically  modified  surface  to  break  the  triple 
C-C  bond  of  acetylene  at  room  temperature  prior  to  the  C-H  bond  is  surprising  since  double 
or  triple  C-C  bond  energies  are  larger  than  C-H  bond  energies.137’  Thus,  as  shown  here  the 
initially  chemisorbed  species  can  modify  reaction  barriers  and  decomposition  paths  to  allow 
access  to  a surface  reaction  which  requires  more  energy  than  other  possible  reactions  and  does 
not  occur  readily  on  the  clean  surface.  It  has  been  recognized  that  adsorbates  can  passivate 
the  surface  but  to  our  knowledge  such  an  adsorbate-induced  enhancement  of  a reaction  which 
requires  more  energy  has  not  been  identified.  Finally,  it  is  interesting  to  consider  the  possibili- 
ty that  some  of  the  so  called  "active  sites"  for  surface  reactions  on  metals  may  arise  because 
of  the  presence,  arrangement  and/or  the  nature  of  the  adsorbed  species  on  regions  of  the 
surface  which  allow  the  formation  of  new  species  as  observed  here. 
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FIGURE  CAPTIONS. 

Figure  1.  Photoemission  energy  distribution  N(E)  for  he  = 40.8  cV  of  the  Ni(lll) 

surface  (solid  line),  and  after  a 3 x 10'6  Torr  see  (3L)  exposure  to  acetylene 
(dotted  line)  or  a 6 x IO'6  Torr  sec  (6L)  exposure  to  acetylene  (dashed  line) 
all  at  room  temperature.  The  difference  in  emission  AN(E)  from  the  clean 
surface  for  the  3L  exposure  is  shown  in  (b)  while  A N(E)  between  3L  and  6L 
exposures  is  shown  in  (c).  Included  in  panel  (b)  is  the  gas  phase  spectra  of 
acetylene  taken  in  a gas  phase  spectrometer  with  similar  resolution  and  geome- 
try (Ref.  10)  where  the  molecular  orbitals  are  indicated.  The  short  dashed 
lines  shown  in  (b)  is  the  expected  attenuation  if  a 10%  attenuation  of  the  N'i 
d-band  occurred  while  the  longer  dashed  lines  indicate  the  estimated  change  in 

the  secondary  electron  background. 

spectra 

Figure  2.  Photoemission  difference  AN(E)  for  h?  = 21.2  eV  between  (a)  1.5  x 10'6 

A 

Torr  sec  (1.5L)  acetylene  exposure  and  clean  Ni,  (b)  I.5L  and  3L  exposures 
to  acetylene  (c)  3L  and  6L  exposures  to  acetylene  all  with  the  sample  at  room 
temperature.  The  AN(E)  spectra  after  a 2L  acetylene  exposure  and  heating  to 
440K  is  shown.  All  work  function  changes  indicated  are  relative  to  the  clean 
surface.  Indicated  in  panel  (a)  is  the  estimated  change  in  secondary  electron 
background  (long  dashed  lines),  the  expected  d-band  attenuation  if  a uniform 
1 0%  attenuation  occurred  (short  dashed  lines)  and  a gas  phase  ionization 
spectra  for  acetylene  taken  in  a gas  phase  spectrometer  of  similar  geometry 
and  resolution  (Ref.  10). 

Figure  3.  Temperature  programmed  thermal  desorption  spectra  of  (a)  ll2  from  exposure 

of  clean  Ni(  III)  to  2x  10'6  Torr-scc  (2L)  of  H2  and  1 .5L  to  1 2L  of  C2H2  and 
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(b)  H2  and  mass  28  evolved  after  a 6L  acetylene  exposure  to  a Ni(lll) 
surface  pre-exposed  to  oxygen  to  give  A <t>  = +.3  eV.  The  heating  rate  was 
1 OK/sec. 

Relative  concentrations  of  w-bonded  acetylene  (triangles)  and  the  second 
acetylene-derived  phase  (circles)  after  saturation  exposures  to  acetylene  as  a 
function  of  the  amount  of  preadsorbed  oxygen.  Oxygen  coverages  are  indicat- 
ed by  its  work  function  change  A<>  where  A <f>  = 0.8  eV  corresponds  to  a 
saturation  coverage  of  chemisorbed  oxygen  in  a (2x2)  structure.  Relative 
concentrations  of  w-bonded  acetylene  and  the  second  acetylene-derived  phase 
were  obtained  from  the  intensity  of  the  3og  derived  ionization  level  and  the 
intensity  of  the  peak  at  ~ 7.3  eV,  respectively.  Both  concentrations  are 
normalized  to  the  same  value  for  A<f>  = 0.  We  note  that  preadsorbed  oxygen 
shifts  the  ionization  levels  of  acetylene  0.2  eV  closer  to  Ep  consistent  with  the 
increased  work  function  after  oxygen  adsorption. 

Photoemission  distribution  curve  N(E)  at  hr  = 40.8  eV  for  a 3xl0  6 Torr-sec 
(3L)  exposure  of  acetylene  to  a thermally  oxidized  Ni(lll)  sample  with  <j>  = 
5.0  eV.  AN(E)  is  shown  in  (b)  for  hr  = 40.8  and  (c)  for  hr  = 21.2  eV  where 
a 0.3  eV  band  bending  of  the  oxide  is  accounted  for  and  all  energies  are 
referred  to  the  Ep  of  the  underlying  clean  Ni(l  1 1)  surface.  Also,  note  that  the 
metallic  emission  onset  at  23.7  eV  was  accounted  for  in  obtaining  AN(E)  for 
the  peak  at  ~ Ifi. 2 cV  as  shown  in  (c). 

Experimental  vertical  ionization  potentials  (I  P.)  for  gaseous  acetylene 
(Ref.  10)  and  methane  (Refs.  19-20)  and  the  ionization  levels  of  the  new, 
second  acetylene-derived  phase  (dashed  lines)  relative  to  gaseous  or  chemi- 


sorbed acetylene 


(panel  a).  For  comparison  panel  b shows  the 


ground  state  molecular  orbital  eigenvalues  for  gaseous  acetylene  and  methane 
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Figure  7. 
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which  we  have  calculated  with  an  ab-initio  SCF  LCAO  molecular  orbital 
calculation  (Ref.  18)  using  a 4-3 1G  basis  set.  Also  shown  relative  to  our 
eigenvalues  of  gaseous  acetylene  are  the  relative  eigenvalues  of  a CH  specie  on 
Ni  (dashed  lines)  as  found  in  calculations  by  Anderson  (Ref.  21). 

Idealized  model  for  the  arrangement  and  geometric  location  of  w-bonded 

acetylene  ( ),  oxygen  (O)  and  CH  species  (x,  X or  •)  on  the  Ni(lll) 

surface  as  discussed  in  the  text.  Both  the  unit  cell  of  the  clean  surface  and  the 
(2x2)  cell  for  ir-bonded  acetylene  or  oxygen  on  Ni(lll)  are  indicated.  The 
location  of  oxygen  on  the  Ni(lll)  surface  has  been  established  previously 
from  LEED  intensity  analysis  (Ref.  23). 
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